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ABSTRACT
Stringent processing windows are required for the fabrication of sub-7-nm semiconductor devices,
which in turn place severe constraints on conventional plasma-assisted etching. Atomic layer etching
(ALE) is a promising etching technique that can provide high etch fidelity, directionality, atomic-
scale control, and selectivity to meet and even exceed the process constraints. In this work, we
primarily focused on two research objectives: identification of the underlying surface phenomena
during ALE of both SiO2 and SiNx using in situ attenuated total reflection Fourier transform
infrared spectroscopy combined with in situ four wavelength ellipsometry; using selective gas-phase
surface functionalization to enhance the overall etch selectivity of SiO2 to SiNx and vice versa.
We first studied plasma-assisted ALE of SiO2 using two sequential half-cycles consisting of flu-
orocarbon (CFx) deposition and an activation step. Contrary to conventional etching, the interface
between the CFx and SiO2 films remains atomically abrupt throughout the ALE process. This is
attributed to the complete removal of the CFx film from the surface in every activation half-cycle.
We also showed that the etch of SiO2 increases with increasing ALE cycle number due to the accu-
mulation of a CFx film on the reactor walls which releases excess etchant into the chamber during
the activation half-cycle.
Typically, selectivity is achieved through manipulating the plasma and processing parameters
in both half-cycles. To further increase overall etch selectivity, we developed a technique in which
the SiO2 or SiNx surface is selectively functionalized through the gas-phase with a hydrocarbon
prior to the start of or during ALE. This abundance of hydrocarbon on the functionalized surface
promotes the formation of an etch inhibiting graphitic hydrofluorocarbon film after just a few ALE
cycles. We demonstrated the facile selective gas-phase surface functionalization of SiO2 over SiNx
with cyclic azasilanes and the selective gas-phase surface functionalization of SiNx over SiO2 with
aldehydes.
The overall etch of a cyclic azasilane functionalized SiO2 film is reduced to ∼23% of the original
etch of the bare SiO2 surface and etching ceased after ∼4 ALE cycles due to the formation of
an etch stop layer. Thus, this selective functionalization of SiO2 can be used to increase SiNx to
SiO2 etch selectivity. ALE on an aldehyde functionalized SiNx film led to a decrease in the SiNx
etch which ultimately translated to an increase in SiO2 to SiNx etch selectivity from ∼2.1 to ∼4.5.
Lastly, we evaluated this functionalization method on a partially etched SiNx which mimics that
found in various etch approaches. We show that an aldehyde will react with the damaged and
etched SiNx surface. That functionalization also leads to an etch reduction. Therefore, we can use
this selective functionalization methodology on a wide variety of etch processes.
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deposited on top of the SiO2 film. The reference spectrum for the CFx film
corresponds to the SiO2 film and the underlying ZnSe IRC. (b) Zoomed in
view of the infrared absorbance change in the 900 – 1000 cm−1 region for CFx
deposition onto a bare ZnSe IRC (black) (Figure 2.3a), and corresponding to
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CHAPTER 1
ETCH SELECTIVITY DURING PLASMA-ASSISTED ETCHING OF SIO2 AND SINx:
TRANSITIONING FROM REACTIVE ION ETCHING
TO ATOMIC LAYER ETCHING
Adapted from a paper published in Journal of Vacuum Science and Technology A∗
Ryan J. Gasvoda,† Zhonghao Zhang,‡ Scott Wang,‡
Eric A. Hudson,‡§ and Sumit Agarwal†,§
Through constant investment in research and development over the last six decades, the semicon-
ductor industry perpetually introduces new architectures, materials, and manufacturing techniques
into large scale production lines in semiconductor fabrication facilities in its steadfast adherence
to a trend colloquially known as Moore’s Law. In its continued drive to follow Moore’s Law, the
industry has now entered the atomic-scale era in which devices must be manufactured with atomic
precision. Specifically, the transition from planar to 3-D and now 4-D architectures such as the
gate-all-around transistor has placed significant constraints on conventional plasma or reactive ion
etching (RIE) of electronic materials, in particular selective etching of SiO2 over SiNx and vice
versa. Highly selective RIE processes are well characterized and used everyday to manufacture the
current generation of transistors, but there are some limitations to RIE. Recently, atomic layer
etching (ALE) has emerged as a technique that can meet the criteria of high-fidelity pattern trans-
fer, low substrate damage from low energy ions, and ultra-high etch selectivity for the fabrication
of both 3-D and 4-D architectures. Although ALE of some materials such as c-Si and GaAs has
been known since the 1990s, other materials are recently being developed in this second wave or
resurgence of ALE. This resurgence and renewed research emphasis is a direct result of the creation
of 4-D architectures which must be manufactured with atomic precision since the feature sizes are
<10 nm. ALE of SiO2 was first experimentally reported in 2014; therefore, are many improvements
that can and must be made for wider incorporation of ALE of SiO2 and SiNx into semiconductor
device fabrication. Specifically etch selectivity is of utmost importance. Although the underlying
surface phenomena and reaction mechanisms are fairly well known in RIE, the same cannot be
explicitly said for ALE. This review in this opening chapter presents an exhaustive knowledge of
the selectivity mechanisms for RIE of SiO2 over SiNx and vice versa, which provides a basis for
developing future highly material-selective ALE processes.
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1.1 Abstract
Continued downscaling of semiconductor devices has placed stringent constraints on all aspects
of the fabrication process including plasma-assisted anisotropic etching. To address manufacturing
challenges associated with atomic-scale control, material selectivity, etch fidelity, and increasingly
complex device architectures, reactive ion etching (RIE) is transitioning to plasma-assisted atomic
layer etching (ALE). Even though the number of elements used in semiconductor devices has
increased several fold over the last four decades, SiO2 and SiNx remain the most commonly used
dielectric materials. In fact, fluorocarbon based, plasma-assisted ALE processes for SiO2 and SiNx
have already been integrated into semiconductor manufacturing, including etching of self-aligned
contacts (SAC) for advanced transistors. However, several challenges remain in achieving ultra-
high etch selectivity of SiO2 over SiNx and vice versa. In this article, first, the authors provide a
focused review on selective RIE of SiO2 over SiNx, and contrast this with ALE. Particular focus is
given to the etching mechanism, including the role of the mixing layer composition and thickness
at the fluorocarbon-SiO2 interface, F-to-C ratio in the fluorocarbon parent gas, H2 dilution, surface
composition on the non etched SiNx, ion flux and energy, Ar plasma activation duration in ALE,
and chamber memory effects. Second, we discuss the reverse case of selectively etching SiNx over
SiO2 with careful attention given to the role of novel hydrofluorocarbon gases and dilution of the
primary feed gas with other gases such as CH4 and NO. In the second part of this review, we
also discuss how novel surface chemistries are enabled by the introduction of ALE, which include
selective (NH4)2SiF6 formation on the SiNx surface and selective surface pre-functionalization of
SiO2 to enable ultrahigh selectivity. Through this review, the authors hope to provide the readers
with an exhaustive knowledge of the selectivity mechanisms for RIE of SiO2 over SiNx and vice
versa, which provides a basis for developing future highly-material-selective ALE processes.
1.2 Introduction
The digital age of electronics began with Jack Kilby’s invention of the integrated circuit at
Texas Instruments in 1958.1 Prior to this, every transistor, rectifier and resister, was soldered into
place by hand in a time intensive and tedious manner. But placing multiple field effect transistors
(FETs) and metal connections onto a single integrated circuit allowed for the fabrication of more
complex circuity.1 With continued innovation, the metal-oxide semiconductor (MOS) capacitor re-
placed a direct metal gate leading to MOSFETs. In the late 1970’s, these MOSFETs were planar
(see Figure 1.1a). The simplest method to further increase the packing density of MOSFETs on
a single “chip” was to shorten the length of the channel (the distance between the source and the
drain). However, once the channel length became the same order of magnitude as the depletion
width of the p-n junction, the transistor performance became limited by the short channel effect.2
More advanced architectures such as the trench-MOSFET were introduced to allow for similar
drain source resistance at a fraction of the size of the planar MOSFET.2 In these devices, a deep
trench was etched into the wafer, and at the bottom and on the sidewalls of this trench, both the
gate oxide and metal were deposited to function as the gate electrode (see Figure 1.1b). To further
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decrease the MOSFET dimension, the industry flipped the trench MOSFET design and moved to
FinFETs in the late 2000’s (see Figure 1.1c). With shrinking devices and change in architecture,
the gate oxide material was changed to high κ-HfO2. Due to the stringent demand on the HfO2
thickness and interfacial properties with underlying c-Si, the industry adopted atomic layer depo-
sition (ALD) to grow HfO2.
3 ALD, in contrast to the traditional chemical vapor deposition (CVD)
technique, provides highly conformal films over high-aspect ratio (HAR) structures with angstrom-
level precision required in FinFETs.4 Since the introduction of ALD into manufacturing, ALD of
various other films such as SiNx, ZrO2, and TiO2 was adopted.
4,5 With continued downscaling,
processing windows continue to shrink as well, placing stress on every aspect of the semiconductor
manufacturing process. Similar to the transition from thermal and plasma enhanced chemical va-
por deposition to ALD, many etching steps are also in the process of transitioning from continuous
etching to atomic layer etching (ALE). Figure 1.1d shows a gate all around transistor, which is
enabled through atomic-scale processing, which is a combination of multiple steps involving ALD
and ALE.4–15
Figure 1.1 Field effect transistor architectures on a crystalline Si substrate including the: (a)
planar MOSFET; (b) trench MOSFET; (c) FinFET; and (d) gate all around transistor. Note, the
schematics are not drawn to scale.
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Complex architectures in semiconductor devices are fabricated via a subtractive top down pro-
cessing scheme in which a pattern in transferred onto the underlying film using deposition followed
by photolithography and then anisotropic etching.4,6 This pattern transfer step, prior to the late
1970s, was based on solution chemistry such as an aqueous HF solution to etch SiO2, which re-
sulted in an isotropic pattern transfer with significant undercut.16 To address the undercut in
pattern transfer, reactive ion etching was introduced to transfer patterns in an anisotropic manner.
Almost a decade later, in 1979, working at IBM, Coburn and Winters provided direct atomistic-
level insight into the mechanism of directional plasma etching.17 In their pioneering work, Coburn
and Winters demonstrated the synergy between radicals and ions during plasma etching. In their
experiments, using XeF2 as a source of atomic F, they showed that in the absence of ion bombard-
ment c-Si etched at a rate of just ∼6 Å/min.17 Under exposure to a 450 eV Ar+ ion beam, the
sputtering rate of c-Si was even lower, ∼4 Å/min. However, when XeF2 was combined with the
Ar+ ion beam, the etch rate of c-Si increased dramatically to ∼55 Å/min (see Figure 1.2). This
finding was later extrapolated to several other materials, including but not limited to SiO2 and
SiNx, and several etchant gases including Cl2 and CF4/H2.
6,18–21 Due to the significantly higher
etch rate in a non thermal plasma containing both energetic ions and reactive radicals, reactive ion
etching (RIE) became the dominant pattern transfer technique beginning in the 1980s.6 However,
with increasing device complexity and shrinking device dimensions, almost four decades later, RIE
is reaching some fundamental limitations.
Figure 1.2 Etch rate of Si under exposure to only radicals from XeF2, a combination of radicals
from XeF2 and a 450 eV Ar
+ ion beam, and only under the 450 eV Ar+ ion beam. Reprinted from
J.W. Coburn and H.F. Winters, J. Appl. Phys., 50 (5), 3189-3196 (1979). Copyright 1979 AIP
Publishing. Ref.17.
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ALE is one method that can address pattern transfer challenges such as fidelity, atomic-scale
precision, and low substrate damage. ALE can be broadly categorized into two groups: ther-
mal (isotropic) and plasma assisted (anisotropic).7,9,13,14,22 The first process reported for plasma-
assisted ALE was for crystalline diamond in a 1988 US patent by M. N. Yoder.23 By 1990, ALE was
reported for both GaAs and c-Si, based on dissociative chemisorption of Cl2 in the first half-cycle
followed by an Ar plasma activation half-cycle to desorb volatile etch products from the surface.24–26
Since the first report, this Cl2 based ALE process has been well studied and even transferred to
other materials such as GaN.27–31 From 2007 onward, various plasma-assisted ALE processes have
been developed for other materials including SiO2 and SiNx using etch chemistry that is similar to
continuous etching. On the other hand, thermal ALE processes are best described as the reverse of
ALD since it uses two sequential thermal reactions of precursors with the surface, which ultimately
result in the formation of volatile etch products. Thermal ALE processes are isotropic, and in some
cases self-limiting. A wide variety of metal oxides and metals have been etched using thermal ALE
via a conversion etch mechanism.32,33 Thermal ALE processes are outside the scope of this review,
and all of the discussion hereafter will focus on RIE and plasma assisted ALE.
1.2.1 Applications for Selective Atomically-Precise Etching
Since the introduction of plasma etching into the semiconductor manufacturing process, material
selectivity during etching has been a key requirement. Selectivity reflects the common requirement
to transfer the desired pattern into a target material, while removing as little of another material,
e.g. the mask or substrate material. Selectivity is commonly expressed as the ratio of etch rates for
the target material vs. the material to be preserved. Multiple processes have been developed to tune
etch selectivity for SiO2 to Si, or SiO2 to SiNx, or SiO2 to photomask in order to transfer the pattern
into the substrate. Generally, etch selectivity relies on the accumulation of an etch inhibiting film
on the non etch surface, eventually leading to an etch rate of zero, or “etch stop”. Some material
is invariably removed prior to etch stop on the non etch surface.6 However, with this continued
downscaling, a small initial etching loss prior to reaching etch stop on the non etch surface can lead
to issues in devices. Thus, it is necessary to further increase etch selectivity while maintaining etch
of the target material with atomic precision. Ultra high selective etching can be used to address the
so called four color pattering scheme proposed by Intel9 (Figure 1.3). For completely new device
architectures, it may become necessary to selectively etch one material over three other materials.9
Ideally, in such an etch process, there should be no corner rounding and the etch selectivity would be
infinite. Various processing schemes such as surface pre-functionalization,34 selective deposition,4,35
etc. combined with ALE may provide this extreme material selectivity.9 Below, we also highlight
three industrially-relevant applications for ultra high selective, atomically precise etching.
1.2.1.1 Multiple Patterning
Self-aligned multiple patterning (SAxP) methods such as double-, quad-, octuple-patterning
were introduced into semiconductor manufacturing to overcome the ∼45 nm resolution limit of
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Figure 1.3 Four-color processing scheme in which each color represents one specific material. For
future device manufacturing, it is desirable to selectively etch one material relative to the other 3
materials with no corner loss or rounding.
the 193 nm ultraviolet (UV) light source used in photolithography.4,364, 36 This technique can be
used to define-sub-10 nm features without the need for direct/conventional patterning using a 13.5
nm extreme ultraviolet (EUV) light source. In the SAxP process, to start, sacrificial mandrels, as
shown in Figure 1.4a, are created via the standard resist coating, exposure, and development in
the photolithography process flow. These mandrels are then coated with a thin film using either
CVD or ALD (see Figure 1.4b). Figure 1.4c shows the surface after an anisotropic etch process
that etches the deposited CVD/ALD film on the horizontal surfaces, selective to the film on the
vertical sidewalls, to expose the underlying film. The mandrels are removed via a photoresist strip
depicted in Figure 1.4d. Subsequently, another anisotropic etch process is used to transfer the
sidewall spacer pattern into the underlying film (see Figure 1.4e). After removing the sacrificial
sidewall spacers, the pattern density on the surface is effectively doubled using this technique. If this
process is repeated once more, the pattern density quadruples in comparison to the optical limit of
the original photomask. For multiple patterning to be successful, both etch steps (Fig. 1.4b-4c and
1.4d-4e) must have high selectivity over the sacrificial sidewall and underlying material. Further,
with the continued downscaling and increasing packing density, atomic scale precision is required
in both etch passes. Ultimately, with octuplet patterning, the feature size can be scaled down to
the ≤10 nm range.
6
Figure 1.4 Representative schematic of double patterning. Schematic (a) shows the patterned
surface after photolithography, (b) after a conformal film is deposited over the entire substrate
via ALD, (c) selective anisotropic etch of the planar surfaces of the ALD grown film, (d) sacrificial
mandrel removal, (e) another selective anisotropic etch of the underlying surface, (f) final etch/strip
of the remaining sidewall spacer resulting in double the pattern density on the surface.
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1.2.1.2 Gate Spacer Etch
Gate spacer fabrication is an important step in the manufacturing of FinFETs and impacts
device performance.37–42 In the processing scheme shown in Figure 1.5, a SiNx film is uniformly
deposited over the entire substrate through ALD. Following deposition, an ideal anisotropic etch
process would remove the SiNx on the horizontal surface, leaving SiNx only on the sidewall. However,
during a realistic etch process, the gate spacer can be thinned and recessed (see Figure 1.5c and
Figure 1.5d). In addition, the energetic ions in the plasma etch process can cause subsurface
damage to the fin (see Figure 1.5d).37 If this subsurface damage is ≥ 20 nm, it can lead to incorrect
dopant concentration in the source and drain, which in turns leads to a defective transistor (see
Figure 1.5).7,40–48 On the other hand, incomplete removal of the SiNx spacer hinders the dopant
implantation step, which also deteriorates device performance.48
1.2.1.3 Self-Aligned Contact Etch
To overcome photolithography overlay limitations, self-aligned contacts (SAC) are used for the
W metal contact to the source and drain in FinFETs. However, due to the high aspect ratio of the
required contact hole, multiple challenges limit the SAC etch process including pinch off, profile
control, and corner loss. In the SAC etch sequence, a soft or hard mask is used to pattern the
substrate (Fig. 1.6a) for SiO2 etching (Fig. 1.6b), which is followed by W deposition (Fig. 1.6c).
The SiO2 layer (green) must be etched with ultrahigh selectivity to the protective SiNx (blue) film
over the gate stack (purple) — the ideal scenario is depicted in Figure 1.6b. Figure 1.6d shows the
result of poor etch selectivity on the SiNx protective hard mask. In extreme cases, the gate stack
(purple) can be completely exposed which will lead to a direct short in the contact deposition step.
Alternatively, rounding of the SiNx hard mask leads to an increase in the gate stack to source/drain
capacitance, which significantly affects device performance by allowing excessive leakage current.49
Adding to the high selectivity challenge, in 3D architectures, the aspect ratio of the contact
hole etched into SiO2 is ≥10.
50–52 Figure 1.6e shows a narrowing etch profile of the contact hole in
SiO2, which is a known challenge in etching high-aspect-ratio structures.
53,54 Incomplete removal
of the SiO2 leads to poor contact between the W metal and the underlying source/drain, negatively
affecting device performance. Figure 1.6f shows the result of a self aligned contact etch where there
is too much CFx residue accumulated during etching. This accumulation of CFx shown in red is
known as pinch off, and prevents the removal of the SiO2 leading to no W metal to source/drain
contact.
As discussed in more detail below, many of these stringent requirements for SAC etching can
be addressed using a fluorocarbon based, plasma-assisted ALE process. In fact, the SAC etch step
was the first microelectronics application to utilize an ALE process in production, using the Lam
Research Flex® F Series dielectric etch system.55
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Figure 1.5 Representative schematic of the SiNx gate spacer etch process. (a) The starting structure
prior to the SiNx gate spacer deposition with a hard mask (HM) protecting the gate. (b) The surface
after a SiNx film is grown over the entire substrate with ALD. (c) The ideal surface after selective
anisotropic etching of the planar surfaces of the ALD grown SiNx film. The left panel in (a)–(c)
shows the cross-sectional view of the device from the gate view and the right panel shows the
substrate rotated by 90◦ with the viewer observing the device from the fin side. (d) An actual etch
process with significant spacer thinning, shoulder pulldown, and fin recess. Reproduced from H.
Miyazoe et. al., J. Vac. Sci. Technol. B 36 (3), 032201 (2018). Copyright 2018 by the American
Vacuum Society. Ref.37.
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Figure 1.6 Challenges in etching of the SAC architecture. (a) The substrate is patterned with a mask
exposing underlying SiO2 to the etching plasma. (b) The ideal sidewall profile for the contact hole
after SiO2 etching. (c) Contact after tungsten fill, which completes the SAC fabrication process.
Non-ideal etching processes with (d) SiNx hard mask loss and rounding, (e) etch profile narrowing
and, (f) excess CFx deposition/inefficient removal leading to pinch-off of the contact hole.
1.3 Selective Etching of SiO2 over SiNx - Reactive Ion Etching
RIE of SiO2 is well understood with numerous studies over the last 30 years.
6,56 Generally, SiO2
etching involves a plasma of a fluorocarbon gas, such as CF4, which generates radical species that
react with the surface in the presence of energetic ion bombardment.56 In one of these early studies,
Flamm et al., showed that the activation energy barrier for atomic F to etch SiO2 is just ∼0.163
eV, which is low enough that spontaneous etching of SiO2 can occur at 0.5 Torr.
57 Butterbaugh
et al., found that <1% of the total ion enhanced etch rate is from spontaneous etching of SiO2
by atomic F.58 However, under direct exposure to CF2 and CF3 radicals, spontaneous etching
does not occur as these radicals readily bind to O atoms and polymerize on the SiO2 surface, and
SiO2 is only etched in the presence of ion bombardment.
59–61 Figure 1.7a shows the formation of
reaction products in an idealized schematic of RIE of SiO2 in a fluorocarbon plasma. During RIE
of SiO2, a thin CFx film is deposited on the surface continuously, primarily from radicals in the
plasma. As the ions simultaneously bombard the surface, bonds are broken and reformed with
other species at the CFx-SiO2 interface. As an example, the C-F bonds in the CFx film break and
the F bonds with Si in SiO2 to form volatile SiFx species, and C bonds with O in SiO2 to form CO
and CO2.
62 Although, the exact etch products during fluorocarbon-based plasma etching of SiO2
are not known exactly, it is widely accepted that SiF4, CO2, and CO are the most common etch
products. However, other etch products involving combinations of Si, O, C, and F are possible. In
fact, the identity of the etch products in plasma etching even for the simpler case of Si etching with
atomic F is an ongoing area of research.63
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Figure 1.7 (a) Reaction schematic of etching of SiO2 using a CxFy gas plasma diluted with an inert
gas, “I”. Reprinted from A. Sankaran and M. J. Kushner, Appl. Phys. Lett. 82 (12), 1824-1826
(2003). Copyright 2003 AIP Publishing. Ref.62. (b) Etch rate of SiO2 in a CHF3 plasma as a
function of the self-bias voltage. Reproduced from N. R. Rueger et al., J. Vac. Sci. Technol. A 15
(4), 1881-1889 (1997). Copyright 1997 by the American Vacuum Society. Ref.64.
Figure 1.7b shows the etch rate of SiO2 in a CHF3 plasma as a function of the self-bias voltage.
At low average ion energies during SiO2 etching, typically below ∼25 eV,
64 a porous ∼2 nm thick65
CFx film accumulates on the surface.
66 Thus, the CFx film can function as an etch stop layer by
limiting ion energy transfer to the CFx-SiO2 interface, and by preventing diffusion of etchants into
the film and the transport of volatile byproducts from the interface to the surface.67–69 Matsui
et al. showed that in highly dissociated fluorocarbon plasmas, a CFx etch stop layer can form
on the SiO2 surface.
70 This is known as the “deposition” regime (see Figure 1.7b). As the ion
energy is increased beyond ∼25 eV, etching of SiO2 was observed and this condition is referred
to as the “suppression” regime. As etching proceeds, the ions activate the CFx film for etching,
forming volatile etch products at the CFx-SiO2 interface, which then diffuse out of the CFx film (see
Figure 1.7a). Multiple authors have attributed the efficient removal of etch products in this regime
to the low thickness and high porosity of the CFx film.
65,71 The diminishing supply of etchant is
continuously replenished with more CFx deposition from the plasma resulting in a steady state CFx
film thickness even though the underlying oxide is simultaneously removed.72 In this suppression
regime, Standaert et al. showed that CFx thickness can modulate the etching behavior of SiO2.
65
Using a single-wavelength ellipsometer, Schaepkins et al., showed that at thicknesses >1 nm, the
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CFx film suppresses the etch rate as the energy from the ion bombardment is dissipating in the
CFx film.
73 However, if the CFx film is ≤1 nm, ions can easily penetrate through the CFx layer and
interact with SiO2 at the CFx-SiO2 interface, directly contributing to etching via bond breaking and
bond formation. Lastly, increasing the ion energy past the sputtering threshold of ∼50 eV results
in the highest observable etch rate in the “reactive sputtering” regime.74 In this regime, etching
of SiO2 occurs through a combination of chemical modification/formation of volatile products and
physical sputtering where SiO2 is removed via SiOx ejection from the substrate. Increasing the ion
flux (current density) through increasing plasma power further increases the etch rate in a linear
fashion, which corroborates the assumption that the etch rate is ion driven for SiO2 etching in
the reactive sputtering regime.75 In this regime, high etch rates on the order of 500 nm/min are
observed but at the expense of selectivity to adjacent and underlying materials, film integrity, and
damage across the substrate.
1.3.1 Atomic Layer Etching
Separately in 2007 and 2009, Rauf et al.76 and Agarwal et al.77 used molecular dynamics (MD)
and Monte Carlo (MC) simulations, respectively, to independently predict an ALE process for SiO2.
This new etching technique essentially splits RIE into two separate steps: etchant delivery and
etchant activation for energetic ion bombardment. Similar to ALD, each of the steps is referred to
as a half-cycle. In these simulations, in the first half-cycle, a thin CFx film was uniformly deposited




MC simulation, CFx film was deposited by simulating a magnetically-enhanced C4F8/Ar plasma.
77
In both of these simulations, the CFx deposition step did not significantly etch the underlying SiO2
film. In the Ar plasma half-cycle, the surface underwent bombardment with low kinetic energy Ar+
ions which provided the necessary energy to “activate” and break bonds in the CFx passivation
layer and underlying SiO2 to form volatile etch products such as SiF4 and CO2. It was predicted
that if the average Ar+ ion energy is below the SiO2 sputtering threshold, self-limiting etching can
be observed in the Ar plasma half-cycle since etching only proceeds via chemical modification and
ceases once the CFx reservoir is exhausted.
77 Figure 1.8a shows a simulated etch profile of an initial
10:1 aspect ratio SiO2 nanostructure as a function of cycle number.
77 At the conclusion of 10 cycles,
minimal CFx was left on the SiO2 surface eliminating the need for a surface cleaning plasma, in
contrast to continuous etching which can leave a thick CFx film at the end of the etch process.
6 In
2014, Metzler et al. experimentally demonstrated ALE of SiO2 using a C4F8/Ar plasma passivation
step followed by an Ar plasma activation step using a dual-frequency, inductively-coupled plasma
reactor (see Figure 1.8b).78 Similar to the simulation studies mentioned above, the C4F8/Ar plasma
half-cycle deposits a thin CFx film on the SiO2 surface. In the second half-cycle, energetic Ar
+ ions
from an Ar plasma bombard the surface and etch the underlying SiO2 film until all the deposited
CFx is removed. In situ thickness measurements from a single-wavelength ellipsometer showed a
self-limiting etch per cycle of ∼4 Å for a ∼4 Å thick CFx film. This was repeated for 8 cycles and
almost the same amount of CFx was deposited and SiO2 etched in each cycle (Figure 1.8b).
78
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RIE and ALE of SiO2 are very similar processes in that they both use CFx as the etchant
and ion bombardment acts as the catalyst for etching to proceed. Clearly, the main difference
is the combined delivery (RIE) and separate delivery (ALE) of these two species. Since both of
these processes are similar, it follows that we can apply various methods studied and implemented
for high selectivity of SiO2 to SiNx and vice versa in RIE to ALE with some modification. The
remainder of this section details methods used to enhance etch selectivity of SiO2 over SiNx. As
discussed above, this is not meant to be a comprehensive review of SiO2 etching, but we provide
enough background information above to provide insight into the mechanisms for selective etching
in RIE in order to extrapolate this learning to understand ALE processes.
1.3.2 Mixing Layer Comparison
The thickness, composition, and porosity of this covalently bonded mixing layer influences the
etch behavior of SiO2.
49,59,64,65,71,72,79 Thus, it is crucial to compare the degree of mixing between
the CFx and SiO2 films in both RIE and ALE. To determine this interfacial composition, at the
conclusion of etching SiO2 with a CF4/H2 plasma, Aydil and coworkers used an O2 plasma to
etch back all C containing species.80 Using attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy, these authors measured the infrared absorbance change measured due
to the O2 plasma etch-back step referenced to the surface at the conclusion of the SiO2 RIE process
(see Figure 1.9a). This spectrum shows a decrease in absorbance for the C-O-Si stretching band
at ∼1110 cm−1, along with the expected decrease in the CFx (x = 1, 2, 3) stretching vibrations at
∼1230 cm−1. The ratio of C-O-Si stretching band to the CFx (x = 1, 2, 3) stretching vibrations
in this experiment was ∼1.5. Based on the strong C-O-Si vibrational mode, the authors concluded
that there is significant mixing of atoms at the CFx SiO2 interface.
80 Further, using MD simulations,
Hamaguchi and coworkers showed that the mixing depth or penetration of the etchant is directly
related to the ion energy.81–83 In ALE, due to low-energy Ar+ bombardment, little to no mixing
occurs,81–83 but significant mixing, on the order of a few nanometers, will occur during RIE as
the ion energies approach ∼100 eV.62,64,80 The mixing layer thickness and composition at the CFx
SiO2 interface can also be drastically changed by switching fluorocarbon gases in the plasma as
shown by Standaert et al.65 Using high-resolution XPS, the authors determined the bonding in
CFx films deposited by C4F8, CHF3, and CF4 plasmas. The degree of covalent bonding at the
CFx SiO2 interface was determined by the ratio of the C-Si bonds to C-F bonds. A C4F8 plasma
showed minimal mixing compared to CHF3 and CF4 plasmas: the authors attributed this to a
higher deposition rate from the C4F8 plasma, which prevents excessive defluorination from ion
bombardment.65 Due to fast deposition and the ability to suppress the formation of a thick mixing
layer, C4F8 is commonly used as the fluorocarbon gas for plasma-assisted ALE of SiO2.
Using MC simulations to study selective ALE of SiO2 over SiNx, Kushner and coworkers showed
that the mixing layer on an SiO2 surface is abrupt, but much thicker on a SiNx surface where it
acts as the etch stop layer.51 During SiO2 ALE, Oehrlein and coworkers analyzed high-resolution
XPS spectra of the C 1s, O 1s, F 1s, Si 2p regions and showed that the plasma deposited CFx
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Figure 1.8 (a) Predicted etch profile for of SiO2 in a 10:1 aspect ratio structure after 5, 10, 15,
and 20 cycles of ALE using CFx deposition from a C4F8/Ar plasma followed by an Ar plasma
activation step. Figure reproduced from A. Agarwal and M. J. Kushner, J. Vac. Sci. Technol. A
27 (1), 37-50 (2009). Copyright 2009 by the American Vacuum Society. Ref.77. (b) Experimental
thickness measurements of SiO2 for 8 ALE cycles in which each cycle consists of a CFx deposition
step from a C4F8/Ar plasma followed by an Ar plasma activation step. Figure reproduced from D.
Metzler et al., J. Vac. Sci. Technol. A 32 (2), 4 (2014). Copyright 2014 by the American Vacuum
Society. Ref.78.
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film covalently bonds with the underlying SiO2 film through the formation of SiFx (x = 1, 2, 3)
and SiOF bonds at the CFx-SiO2 interface.
78 Recently, Gasvoda et al., investigated the CFx-SiO2
interface using surface infrared spectroscopy in a setup similar to Aydil and coworkers.34,84,85 Figure
1.9b shows the infrared spectra of one entire ALE cycle with a ∼2.1 nm CFx film deposited from
an C4F8/Ar plasma.
84 Using the surface immediately prior to the start of the ALE cycle as the
reference spectrum, Gasvoda et al.84 showed that the ratio of the peak intensity of the C-O-Si
stretching vibration at ∼1110 cm−1 to the CFx (x = 1, 2 ,3) stretching vibrations in the plasma
deposited CFx film (blue spectrum) at ∼1230 cm
−1 was ∼0.1 compared to ∼1.5 reported by Aydil
and coworkers.80 Since the C-O-Si stretching vibrations are observed as a shoulder on the CFx
stretching band, the authors infer that the CFx SiO2 interface is atomically thin in ALE. The other
spectra in Figure 1.9b show the temporal evolution of the CFx film on the SiO2 surface during
10-s increments of Ar plasma.84 For the entire Ar plasma half-cycle, no observable accumulation
of a mixing layer occurred indicating efficient removal of volatile etch products from the CFx SiO2
interface confirming the predictions made by the simulations by Rauf et al.76 and Agarwal et al.77
Recently, Kanarik et al. defined a “synergy parameter,”
ALE Synergy [%] =
EPC − (α+ β)
EPC
∗ 100 (1.1)
as a metric to compare different ALE processes.86 In the expression above, α and β are parameters in
units of nm/cycle that quantify the non ideal components of each half-cycle. An ideal ALE process
has a synergy parameter of 100%. In non-ideal ALE processes, α accounts for the undesirable
etching in first half-cycle that can be attributed to processes such as photon-induced etching,
physical sputtering, or competing reactions,α and β quantifies the non-self-limiting etching that
occurs in the second half-cycle. A nearly ideal ALE process with a synergy parameter value of 97%
was reported for amorphous carbon etching using an O2 plasma followed by Ar
+ bombardment at
an ion energy of 50 eV.86 On the other hand, SiO2 ALE using CFx deposition from CHF3 followed
by Ar+ bombardment at an average ion energy of 50 eV was reported to have a lower synergy
value of 80%. In SiO2 ALE, this synergy parameter can in fact be related to the mixing layer. To
further enhance synergy, covalent bonding at the CFx-SiO2 interface should be atomically abrupt
with low degree of mixing. By lowering the mixing at this interface, the underlying SiO2 therefore
is not modified which allows for higher control of the EPC and other etching characteristics such as
surface composition. We have recently shown that the mixing layer at the CFx-SiO2 interface can
be manipulated by surface pre-functionalization prior to the start of ALE which will be discussed
in Section 1.4.5.34
1.3.3 Fluorocarbon Gas (F:C) Ratio
In the “suppression” regime of SiO2 RIE, besides tuning the average ion energy to control
etching, another knob to influence the etch behavior is through an appropriate choice of the feed gas
molecule. In fact, the overall feed gas composition in the plasma also governs the etch selectivity
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Figure 1.9 (a) Infrared absorbance change after exposure to an O2 plasma of a surface that was
etched in a CF4/H2 plasma. The reference spectrum is the SiO2 surface after exposure to a CF4/H2
etching plasma. Figure reproduced from D. C. Marra and E. S. Aydil, J. Vac. Sci. Technol. A
15 (5), 2508-2517 (1997). Copyright 1997 by the American Vacuum Society. Ref.80. (b) Infrared
absorbance change for one ALE cycle on SiO2. Spectrum in blue corresponds to CFx deposited
onto SiO2 from a C4F8/Ar plasma for 10 s. The remaining 6 spectra correspond to 10-s increments
(dark green to red) of Ar plasma exposure. The reference spectrum for all spectra was the SiO2
prior to the beginning of the ALE cycle. Reprint adapted with permission from R. J. Gasvoda et
al., ACS Appl. Mater. Interfaces 9 (36), 31067-31075 (2017). Copyright 2017 American Chemical
Society. Ref.84.
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of SiO2 relative to SiNx.
65,73,87 A wide array of fluorocarbon and hydrofluorocarbon gases have
been used for SiO2 etching including CF4, C4F8, C4F6, C2F4, and CHF3.
64,66,88,89 Detailed studies
have shown that the CFx deposition rate depends on the feed gas, and the etch rate is limited
by the flux of F to the CFx-SiO2 interface.
64,71,90 To determine the effect of varying the F:C
ratio in the CFx film on etch selectivity, Yanai et al. performed controlled fluorocarbon ion beam
experiments.87 In this study, the authors clearly show that low F:C ratio ions such as CF+ favored
SiO2 etching, but using higher F:C ratio ions such as CF
+
3 , SiNx could be etched at a similar rate
as SiO2 (see Figure 1.10).
87 In fact, the etch yield of SiO2 and SiNx with CF
+
3 ions was remarkably
similar indicating poor selectivity. During CF+3 bombardment, a large reservoir of F is supplied
to the both the SiO2 and SiNx surfaces, which allows for efficient removal of both Si and N on
SiNx as SiF4 and FCN, respectively. Whereas during CF
+ bombardment, the lack of F on the
surface impedes removal of the Si and N from the surface. Thus, the authors concluded that a
low F:C ratio in the fluorocarbon film will promote selective etching of SiO2 over SiNx, which
was confirmed by Schaepkens et al. in their comparison of C3F6 and C2F6 etching of SiO2 and
SiNx.
73,87 This F:C ratio dependence on etch selectivity is a general trend observed over a wide
range of fluorocarbon gases, however, the parent fluorocarbon gas limits the application of the F:C
ratio for etch selectivity. Development of novel hydrofluorocarbon molecules can further increase
inherent etch selectivity for SiO2 over SiNx and vice versa (see Section 1.4).
Figure 1.10 Etch yield dependence on ion energy for CF+3 and CF
+ ions incident onto SiO2 and
SiNx surfaces. Reprinted from K.-i. Yanai et al., J. Appl. Phys. 97 (5), 053302 (2005). Copyright
2005 by AIP Publishing. Ref.87.
17
In ALE, there are two process knobs for manipulating etchant delivery, CFx film thickness
and its composition, which unlike RIE can be controlled independently. The composition of the
deposited CFx film is strongly related to the parent fluorocarbon feed gas, and the thickness can be
controlled by the duration of the fluorocarbon plasma half-cycle.51,91,92 To elucidate the effect of
F:C ratio in the deposited CFx film in selective ALE, Lin et al., compared ALE processes that used
C4F8 with and without H2 dilution, and C3H3F3 under otherwise identical ALE parameters such as
rf power, substrate bias, and operating pressure.91 Figure 1.11a shows the change in film thickness
for a SiO2-SiNx stack etched with C4F8/Ar plasma, C4F8/H2/Ar plasma, and C3H3F3/Ar plasma
ALE process. The solid black line at 0 Å represents the interface between the top SiO2 layer and
underlying SiNx film. The highest SiO2 to SiNx selectivity was observed for the C3H3F3-based ALE
process, which only etched ∼5 Å of SiNx before reaching an etch stop on the SiNx surface. For
the C4F8 based ALE process an etch stop was observed after ∼40 Å of SiNx etching. The lowest
selectivity was observed for the C4F8/H2 based process, which the authors attributed to H radicals
partially cleaning the surface of residual C species prior to CFx deposition in the next ALE cycle
(see next section). Figure 1.11b shows the F:C ratio calculated from high-resolution XPS of the
SiNx surface directly after CFx film deposition and at the conclusion of the Ar plasma activation
half-cycle. The lowest F:C ratio was observed in the CFx film from the C3H3F3 plasma while the
highest F:C ratio was observed in the C4F8 plasma-based process. In each case tested, the F:C
ratio was lower at the end of the Ar plasma half-cycle due to F consumption in the SiNx etch
process. Thus, similar to RIE, the net etching of SiNx and thus SiO2 to SiNx etch selectivity is
directly related to the reservoir of F available to etch SiNx and SiO2. The F reservoir for etching
of SiO2 and SiNx can be directly controlled by the parent fluorocarbon gas and CFx film thickness.
Selectivity can be increased by using low F content fluorocarbon gases, however at the expense of
lowering the etch per cycle of SiO2.
1.3.4 H2 Dilution
In RIE, H2 dilution in the parent fluorocarbon feed gas leads to a higher SiO2 to SiNx etch
selectivity, but interestingly the opposite has been recently shown for ALE. Initially, H2 dilution of
the fluorocarbon feed gas was used to increase the etch selectivity for SiO2 over Si: this was then
adopted to improve etch selectivity of SiO2 over SiNx.
80,93,94 It has been proposed that H radicals
in the plasma can scavenge F from the both the gas phase and the surface CFx film, which leads
to a F deficient film on the surface.95,96 In the gas phase, the following reactions have been shown
to follow pseudo-first-order kinetics in terms of the H radical concentration.97
H + CF3 → [HCF3] → HF + CF2 (1.2)
H + CF2 → [HCF2] → HF + CF (1.3)
H + CF → [HCF ] → HF + C (1.4)
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Figure 1.11 (a) Thickness measurements as a function of cycle for ALE on a SiO2-SiNx stack for
3 different fluorocarbon gas plasmas: C4F8, C4F8/H2, and C3H3F3. (b) F to C ratio for the
fluorocarbon films deposited on SiNx at the beginning and the end of the Ar plasma activation
half-cycle. Reproduced from K.-Y. Lin et al., J. Vac. Sci. Technol. A 36 (4), 040601 (2018).
Copyright 2018 by the American Vacuum Society. Ref.91.
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By lowering the relative F:C concentration in the gas phase CFx radicals, the F:C ratio in the
deposited CFx film is lower than a pure fluorocarbon plasma. The F:C ratio has been shown to
be inversely proportional to the partial pressure of H2 in a CHF3 plasma.
95 To elucidate the role
of H radicals in abstraction of surface F atoms, Marra et al. exposed a plasma-deposited CFx film
to a pure H2 plasma, and observed the changes in the surface composition using in situ ATR-
FTIR spectroscopy. As expected, the surface F in the CFx film was exchanged with atomic H
generated in the H2 plasma, resulting in a completely hydrogenated amorphous carbon film on the
surface.80 Crucially, for selective etch of SiO2 over SiNx, no significant transformation was observed
of sp2 hybridized C atoms to sp3 hybridization due to insertion of H atoms into C=C bonds.80
Therefore, the durability of the sp2-hybridized carbon on the surface indicates that H2 addition
to the fluorocarbon feed gas does not influence the accumulation of the etch-inhibiting graphitic
carbon film on the SiNx surface.
In a typical RIE process, a fluorocarbon plasma lightly diluted with H2 results in a hydrofluoro-
carbon film on the surface during steady state etching. Due to scavenging of F from the plasma and
CFx film on the SiO2 surface, the etch rate of SiO2 is generally reported to be inversely proportional
to the H2 dilution percentage.
80 Therefore, past a certain H2 dilution (reactor and process depen-
dent), no etching of SiO2 will occur, and rather an amorphous carbon film will accumulate on the
SiO2 surface as well. However, since C can be easily removed from the CFx-SiO2 interface through
etch products such as CO, COFx, and CO2, less C is present on the SiO2 surface as compared to a
Si or SiNx surface. In other words, in RIE, selective etching of SiO2 over SiNx can be achieved at
low H2 dilutions even though etching of SiO2 is less than the case of no H2 dilution. Essentially,
holding everything else similar, the maximum selectivity of SiO2 to SiNx in CxFy/H2 plasmas is
under reduced SiO2 etch rates. Thus, process tradeoffs must be made.
Initial studies on ALE of SiO2 and SiNx show an opposite effect compared to RIE when the
parent fluorocarbon feed gas is diluted with H2. In comparing C4F8 with and without H2 dilution,
it is clear in Figure 1.11a that the etch rate of SiNx is significantly higher with H2 dilution while the
etch of SiO2 is not influenced by the addition of H2. The role of H2 dilution in ALE appears to be
twofold: First H2 dilution leads to a slower CHxFy deposition rate than a pure C4F8 plasma, which
allows for greater exposure of the underlying SiNx film to the energetic Ar
+ ions leading to more
ion assisted SiNx etching.
91 Second, H radicals can act as a surface cleaning agent. Using XPS,
Lin et al. showed that at the end of one complete plasma ALE cycle, less residual C remained on
the SiNx surface in a C4F8/H2 plasma process compared to the C4F8 plasma process.
91 Further,
Figure 1.11b shows that the F:C ratio of the deposited CFx films is greater for the C4F8 based
process than the C4F8/H2 based process immediately after deposition, which is expected based on
RIE studies in similar plasmas.65,73,98 The authors quantified the thickness of the remaining C-rich
film on SiNx after the ALE cycle at ∼4 and ∼7 Å, with and without H2 dilution, respectively.
91
Additional studies using other techniques such as optical emission spectroscopy and surface infrared
spectroscopy are required to obtain further insight into the plasma radical density and surface
composition during ALE.
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1.3.5 Surface Composition of SiNx in Selective Etching of SiO2
During RIE of SiNx with a fluorocarbon plasma, the ∼1 – 4 nm
73,75,87 CFx film that exists
on the SiNx surface is generally thicker than the one that develops on a SiO2 surface. In the
beam experiments described in Section 1.3.4, Yanai et al. measured the SiNx thickness change as a
function of increasing CF+ ion dosage (1 keV) (see Fig. 1.12a).87 Initially, CF+ ions etch the SiNx
film as evident by the decrease in film thickness, but with further ion dose, etching stops. Further
increasing the ion dose leads to the deposition of a CFx film on the SiNx surface. To elucidate
the chemical composition of the etch-stop layer on SiNx, Ito et al. analyzed a high resolution XPS
scan of the N 1s region after etching (Figure 1.12b). The authors showed Si-N and C-N bonds
of sp1-, sp2-, and sp3-hybridized C atoms. From this analysis, the authors proposed a mechanism
for the formation of the cross-linked CFx films where initially, ion bombardment of the CFx film
creates dangling bonds and the fluorocarbon radicals impinging onto these dangling bonds results
in further CFx film growth. Additional ion bombardment however also defluorinates the CFx film
creating more dangling bonds that change the hybridization of the C atoms from sp3 to sp2, and
to some extent sp1.99 The minimal sp1 hybridization was attributed to formation of FCN, which
is volatile. This graphitic carbon layer then inhibits rapid diffusion of F to the CFx-SiNx interface
where etch products are formed.100 The thickness of the fluorocarbon film on the surface can be
modulated by the magnitude of the average ion energy (bias voltage). Under bombardment with
ions of a low average energy, the cross linked carbon-rich CFx film does not form on the surface
and the C is liberated via FCN formation, but at higher average ion energies, dangling bonds are
created which leads to the cross linked, sp2 and sp hybridized CFx film that prevents etching.
99
Thus, there is an optimal ion energy window for etching of SiO2 and SiNx, and this ion energy is
a process parameter that can be tuned in fluorocarbon plasma etching to enhance etch selectivity
for SiO2 versus SiNx or vice versa.
For selective ALE of SiO2 over SiNx, rapid formation of an etch inhibiting film on the SiNx
surface is necessary. One such method to facilitate the formation of a graphitic etch inhibiting film
is to supply more CFx than can be removed in one ALE cycle from the SiNx surface. In various
ALE studies, ∼3 – 20 Å thick CFx films have been shown to etch SiO2 films.
15,25,34,51,78,84,101–106
A thicker CFx film deposited on a SiO2 surface generally results in a higher EPC due to the larger
F reservoir. In some cases, ALE processes can even etch more than 1 nm of SiO2 per cycle.
84,102
Since CFx films are activated and removed much more efficiently on SiO2 than SiNx, it follows that
increasing the thickness of the deposited CFx film would lead to a higher etch selectivity for SiO2,
while holding all the other process parameters constant. Figure 1.13 shows a Delta-Psi space plot
obtained from single-wavelength ellipsometry for a SiO2-SiNx stack etched with 3 different ALE
processes. A Delta-Psi plot for continuous etching using a CF4 plasma is also shown in Fig. 1.13
for comparison with the ALE data.102 In these experiments, the Ar plasma activation half-cycle
was held constant at 20 s with a maximum ion energy of 35 eV, and only the CFx film thickness
was varied from ∼3 to 8 to 11 Å. Li et al. showed that a thicker CFx films led to an abundance
of residual CFx on the SiNx surface after etching, but minimal residue was observed on the SiO2
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Figure 1.12 (a) SiNx film thickness change as a function of CF
+ ion dosage. Figure reprinted from
K.-i. Yanai et al., J. Appl. Phys. 97 (5), 053302 (2005). Copyright 2005 by AIP Publishing. Ref.87.
(b) High-resolution XPS scan of the N 1s region of a SiNx surface after etching using C4F8/Ar.
Figure reprinted from M. Ito et al., J. Appl. Phys. 91 (5), 3452-3458 (2002). Copyright 2002 by
AIP Publishing. Ref.99.
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surface. The accumulation of CFx at the SiO2-SiNx interface is readily observed by the small
change in the Delta-Psi space for the ∼11 Å CFx ALE process. This residual film on the SiNx
surface inhibits etching of SiNx leading to a higher SiO2 to SiNx etch selectivity for thicker CFx
films (see legend in Fig. 1.13). Thus, to enhance etch selectivity, it is necessary to oversupply
etchant to the SiNx surface in both RIE and ALE. This oversupply leads to the accumulation and
formation of an etch inhibiting graphitic hydrofluorocarbon film on the SiNx surface. This etch
selectivity mechanism is essentially identical to RIE.
Figure 1.13 Single-wavelength ellipsometry measurements for ALE of a SiO2 SiNx stack plotted in
delta-psi space for etching of a SiO2-Si3N4 stack using a CF4 plasma (continuous etching) for 3
different ALE processes with varying CFx film thicknesses. For each ALE process, the SiO2 over
SiNx selectivity is reported in the legend. Reproduced from C. Li, et al., J. Vac. Sci. Technol. A
34 (4), 12 (2016). Copyright 2016 by the American Vacuum Society. Ref.102.
1.3.6 Ion Energy and Duration in ALE
In RIE, an important parameter for controlling etching characteristics is the self-bias voltage
that develops due to the applied rf power to the substrate, which determines the ion energy. In RIE
plasmas the energy distribution of the ions and the ion flux to the surface controls the CFx film
thickness. However, the optimal self-bias voltage is coupled with the plasma radical composition.
For example, the self-bias voltage required to obtain the same SiO2 etch rate in CHF3 and C2F4
plasmas is different due to the difference in polymerization rate.90 In other words, the optimal ion
energy is dependent on the fluorocarbon feed gas and is not a truly independent process tuning
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parameter in RIE. On the other hand, in ALE, the CFx deposition and the Ar plasma activation
steps are decoupled.
In plasma ALE of SiO2 and SiNx, the Ar plasma activation step has two independent process
parameters: Ar+ ion energy and Ar plasma duration. As discussed above, the activation rate of
CFx on a SiO2 surface is higher than that on a SiNx surface due to different reaction pathways
for formation of volatile etch products.51 Li et al., identified two different ALE regimes based
on Ar plasma activation duration: CFx “depletion” and CFx “accumulation”.
102 In the depletion
condition, the CFx film is completely activated on both the SiO2 and SiNx surface which leads to
low etch selectivity since the SiNx film is partially sputtered during the tail end of the activation
plasma. In the accumulation condition however, the Ar plasma is stopped before all the CFx is
activated on the SiNx surface. In this regime, a thick etch-inhibiting CFx film accumulates on the
SiNx surface, but not on the SiO2 surface due to the different activation rates.
102 Thus, selectivity
of SiO2 to SiNx can be enhanced via short Ar plasma activation half-cycles that intentionally leads
to excess CFx build up on the SiNx surface.
The sputtering threshold for SiNx ranges from ∼20-30 eV depending on SiNx film composition,
and is ∼50 eV for SiO2.
77,78,102 Ideally, the ion energy in ALE should be less than the sputtering
threshold of both SiNx and SiO2,
13,15,78,91,101–104,107,108 but higher ion energies (higher than the
SiO2 sputtering threshold) are typically employed in high aspect ratio etching of various features
to enhance pattern fidelity.51,105,106 However, in cases where the ion energy is below the sputtering
threshold for SiO2 but higher than for SiNx, Ar
+ ions can partially sputter SiNx. Thus, in these
cases, etching of SiNx proceeds through both chemical and physical pathways. Sputtering of SiNx
can lead to a high EPC for SiNx as compared to SiO2, which lowers, and under certain cases,
even reverses SiO2 to SiNx etch selectivity in ALE.
102 Since high aspect ratio etching requires
significant ion energy, ∼100 eV, true self limiting ALE processes have limited applications, but
atomic precision in etching is still necessary throughout the device manufacturing process flow. In
other words, modified ALE like etch processes will dominate instead of truly self limiting ALE.
1.3.7 Wall Effects
During plasma etching, deposits can build up on the reactor walls due to deposition from the
radicals and ions produced in the plasma, and the etch products released from the surface. A
gradual buildup of these deposits during etching changes the recombination probability of the
radicals on the chamber walls,100,109,110 which not only leads to a drift in the etch rate and etch
profiles111,112, but also the rf power coupling,98 which in turn affects overall etch selectivity. Using
neutral and ion beam sources for etching, Butterbaugh et al. noted that compared to a clean
vacuum chamber, an increase in etch rate of SiO2 with time could be attributed to CFx build up in
the ion gun.58 Specifically, under ion bombardment, fluorocarbon-coated reactor walls release CFx
(x = 1, 2, 3) neutrals into the plasma.113 Typically, CF and CF2 are formed from high energy ion
impact with the reactor walls, whereas CF3 is generally liberated through low energy ion impact
of the reactor walls.110 Kokkoris et al. concluded that the main component entering the plasma
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from the reactor walls is CF2 and, therefore, must be liberated from high energy ion impact.
113
Wall deposits need to be removed to avoid a drift in etch characteristics. To remove the deposits,
the plasma chamber can be reconditioned with a simple cleaning plasma with gases such as SF6,
O2, and Ar.
100,109 Arguably, ALE is more susceptible to changing wall conditions than RIE due
to the atomic-scale etch rates inherent to ALE. With excess CFx present on the walls, the EPC
increases with increasing cycle number, which can lead to an over etch.84 In ALE, the first half-
cycle is usually reproducible and deposits a CFx film of similar thickness and composition on the
substrate and on the reactor walls.78,102,103 During the Ar plasma half-cycle, the CFx removal rate
can be much faster on the substrate than on the reactor walls. Therefore, CFx can accumulate on
the reactor walls over time. As a result, in later ALE cycles, an increase in the EPC is observed
since the Ar plasma liberates F and CFx from the reactor walls.
84 This accumulation and liberation
means that there is another source of F atoms during the Ar plasma half-cycle, and this step is no
longer self-limiting in later cycles under nominally the same process conditions.84
To obtain reproducible wafer to wafer or sample to sample conditions, a variety of methods have
shown to be effective for limiting wall effects. In ALE specifically, one can increase the Ar plasma
duration which would limit the accumulation on the reactor walls without increasing the EPC, but
this method will decrease overall throughput.103 Note, this increase in Ar plasma duration is only
possible if the Ar+ ion energy is less than the SiO2 sputtering threshold, otherwise etching of SiO2
will proceed past the exhaustion of the F reservoir. A periodic cleaning of the chamber with an
Ar/O2 plasma can readily remove the wall deposits, and in ALE, an O2 plasma can be used as the
activation step which readily removes the excess fluorocarbon from the reactor walls.114,115 However,
too much O2 dilution will remove the deposited CFx film on the substrate at a faster rate than
consumption of the CFx film due to the etching reaction with the underlying film, which lowers the
EPC.25 Additionally, O radical exposure to a SiNx surface will both oxidize the SiNx and remove any
protective/etch inhibiting film on the SiNx surface leading to a decrease in etch selectivity. Antoun
et al., also demonstrated that C4F8 physisorbs on a SiO2 surface at a substrate temperature of
–120 ◦C, which eliminates the necessity for plasma enhanced CFx deposition, thus eliminating wall
effects. However, the temperature window for this process is ∼10 ◦C — at higher temperatures
there is lack of C4F8 physisorption, but multilayer adsorption occurs at lower temperatures.
116
Similarly, CH3F has been shown to adsorb at +80
◦C onto a SiNx surface which eliminates CFx
polymerization challenges associated with plasmas, however the reaction mechanism of CH3F with
a SiNx film remains unclear.
117 Commercial etch reactors also employ heated walls and geometries
that minimize the difference in removal rate of CFx between reactor walls and substrates.
56 Finally,
due to potentially evolving wall effects, any etch process that requires high selectivity requires a
sufficiently wide process window.
1.3.8 Surface Composition of SiO2 After ALE
Ideally, the surface at the conclusion of a SiO2 ALE cycle should be completely free of any C
related species. In contrast, after RIE, a film comprising of covalently bonded C, Si, O, and F atoms
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can be several nanometers thick thus requiring a post-etch surface cleaning step.56,65,67,70,78,84 From
high resolution XPS spectra of the C 1s region after the termination of the Ar plasma half-cycle,
it is clear that there remains some residual C on the surface, not in the form of a CFx film, but
rather a C-rich residue which does not accumulate to the point of acting as an etch barrier.78,103
Gasvoda et al., using in situ infrared spectroscopy, showed that even though the as deposited
CFx film contains fluorinated graphitic carbon (F2C=C<), the surface at the conclusion of the Ar
plasma half-cycle shows no graphitic or sp2-hybridized carbon on the SiO2 surface.
84 Using 130 eV
Ar plasma beam from an inductively coupled Ar plasma, Sanbir et al. showed that a ∼2 Å thick
C-rich film is leftover on the SiO2 surface: this film did not impede etching of SiO2 initially, but
accumulated over the course of multiple sequential cycles to the point of becoming an impediment
to etching.25 The authors addressed this accumulation through dilution of Ar gas with O2 during
the activation plasma half-cycle.25 The differences reported in the C-rich residual film on the SiO2
surface during ALE can be attributed to differences in C:F ratio in deposited CFx film, and the
Ar+ ion energy and flux to the surface during the Ar plasma half-cycle. One concern with a C-rich
residue on the SiO2 surface is the buildup of graphitic carbon which functions as an etch barrier or
even as an etch stop.67–70
1.4 Selective Etching of SiNx over SiO2 in RIE and ALE - Fluorocarbon Gas Com-
position
Figure 1.14a shows the steady-state etch rate of SiO2, SiNx, and Si as a function of fluorocarbon
film thickness during RIE for a variety of process conditions such as fluorocarbon feed gases and
operating pressure. For almost the entire range of reported etch rates in Fig. 1.14a, a thicker CFx
film exists on the SiNx surface which suppresses the etch rate compared to SiO2. In SiNx etching,
both the Si and N atoms are primarily liberated through reactions with F in the CFx polymer on
the surface with the most common volatile etch products reported as SiF4, FCN, N2, (CN)2 and
HCN (H from the CFx film and/or SiNx film).
49,118–125 Since F removes both the Si and N from
the SiNx film, a larger reservoir of F is required for etching of SiNx: this means that a thicker CFx
film is needed on the SiNx surface compared to SiO2 (see Fig. 1.14a). However, the SiNx etch rate
is not simply increased by increasing the CFx film thickness since too thick of a film will act as an
etch barrier as no F can reach the SiNx CFx interface.
82 Therefore, enhancing etching of SiNx and
reversing selectivity (SiNx to SiO2) poses more of a challenge, and there is ongoing work today in
achieving this selectivity in fluorocarbon based RIE37–39,126,127 and ALE.34,128,129
Recently, Zeon Corporation Japan in collaboration with IBM has developed high carbon content
fluorocarbon gases for SiNx gate spacer etching.
37–39 These novel gases have low F:C ratios and
high H:C ratios such as CH3F and C4H8F2, which deposit a F-poor a-C:H film on the SiNx and
SiO2 surfaces. In depositing a F-poor a-C:H film on the surface, etching of SiO2 is suppressed due
to the lack of F available to volatilize the Si, but etching of SiNx is enhanced since the excess H
aids in formation of volatile N-containing species such as HCN, and the F becomes available to
react with Si to form volatile species such as SiF4. Figure 1.14b shows the etch rate of SiO2, SiNx
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Figure 1.14 Etch rate of SiO2, SiNx, and Si as a function of fluorocarbon film thickness on the
surface at steady state during RIE. The operating pressure was 6 and 20 mTorr. The feed gases in
(a) are CHF3, C2F6, C3F6, C3F6/H2. Figure reproduced from M. Schaepkens et al., J. Vac. Sci.
Technol. A 17 (1), 26-37 (1999). Copyright 1999 by the American Vacuum Society. Ref.73. The
feed gases in (b) include CH3F, C4H8F2 and C4F6. Figure reproduced from S. U. Engelmann et
al., J. Vac. Sci. Technol. B 35 (5), 051803 (2017). Copyright 2017 by the American Vacuum
Society. Ref.38
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and Si as a function of fluorocarbon thickness for these novel fluorocarbon gases, which confirms
that using F-poor fluorocarbon gases (CxHyFz) leads to a thicker, etch-inhibiting film on the SiO2
surface, but not on the SiNx surface.
3838 Further, with proper process tuning of various plasma
parameters, feed gas composition and dilution with O2, extremely high selectivity for etching SiNx
over SiO2
37–39 and poly-Si can be observed.130
1.4.1 Enhancing Etching of SiNx via Gas Additives (Excluding H2)
Similar to fluorocarbon plasma etching of SiO2, dilution of the parent fluorocarbon gas with
other gases can be used to manipulate the etching characteristics of SiNx films. Using N2 and
O2 dilution in the plasma, a selectivity ranging from ∼5–80 for etching SiNx over SiO2 has been
reported.131,132131, 132 In a remote plasma etching system using an NF3/O2 plasma, the largest
NO concentration correlated to the highest SiNx etch rate.
120,131,133 Using a CF4/O2/N2 plasma,
Kastenmeier et al. found that adding a small amount of N2 to the feed gas (5 – 15%) resulted
in an etch rate increase from ∼5 to ∼30 nm/min, but a similar dependence was not observed in
etching of SiO2.
132 Simultaneously adding N2 and O2 to a fluorocarbon plasma can increase etch
rate of SiNx since surface N can be abstracted through the formation of N2O or N2 leaving behind
a Si-O terminated surface (see Fig. 1.15a).132,134 Kastenmeier et al. proposed that the gaseous NO
species react with a surface N to form a N-N=O or N=N complex that is liberated, and atomic O
from the plasma satisfies the dangling bond forming an SiOxNy film (see Fig. 1.15a). Both of these
reaction pathways account for a higher etch rate of SiNx with N2/O2 dilution as well as surface
oxidation observed in XPS chemical analysis of the etch SiNx film. Using MC simulations, Huang
et al., showed that the most efficient etching of SiNx occurs when the ratio of F etchants to the
N containing species (NO and N) matches with the Si:N ratio of the SiNx film to be etched.
135
Assuming that volatile etch products of SiNx etching is SiF4, N2 or N2O, Barsukov et al. used
density functional theory (DFT) to determine the activation energy barrier for etching of SiNx.
131
The authors calculated that the activation energy barrier is 1.01 eV for F to facilitate the migration
of N to an adjacent N and for the F to bond to the Si (see Figure 1.15b). Further, the activation
energy barrier for gaseous NO to “kick off” the F backbonded to N to the adjacent Si is only 0.86 eV
(see Figure 1.15c). Based on these calculations, the authors proposed that during etching of SiNx,
F breaks the Si-N bond forming a vacancy on the N atom which reacts with the F forming surface
N-F. NO radicals from the plasma react with this surface N-F bond forming gaseous N2O and the
F migrates to the neighboring Si atom.126,127,131,136 In other words NO enhances F migration by
removing N from the surface, leading to an enhancement in the SiNx etch rate (Fig. 1.15c).
131
Additionally, adding O radicals to the plasma facilitates the removal of the carbon-rich CFx films
on the SiNx surface. Therefore, O2 dilution of the fluorocarbon feed gas can be used to optimize
the CFx film thickness during SiNx etching.
87,132 Additional gaseous reactants such as HF, H, Cl,
Br and FNO will enhance etching of SiNx.
136
Adding CH4 to the fluorocarbon feed gas in the etching plasma is another method to selectively
etch SiNx over SiO2 in RIE.
137 Figure 1.16a shows that addition of CH4 to the plasma decreases
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Figure 1.15 (a) Proposed reaction mechanism for enhancement of SiNx etching in a CF4/O2/N2
plasma. Reproduced from B. E. E. Kastenmeier et al., J. Vac. Sci. Technol. A 14 (5), 2802-
2813 (1996). Copyright 1996 by the American Vacuum Society. Ref.132. (b) Proposed reaction
mechanism from DFT calculations for F with a F-terminated SiNx surface. (c) Proposed reaction
mechanism from DFT calculations for NO with a F-terminated SiNx surface. Reproduced from Y.
Barsukov et. al., J. Vac. Sci. Technol. A 35 (6), 061310 (2017). Copyright 2017 by the American
Vacuum Society. Ref.131.
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the etch rate SiO2 and SiNx, but at a faster rate for SiO2 than SiNx resulting in a high selectivity
process window. Lee et al. showed that adding 10 sccm of CH4 to 100 sccm Ar and 10 sccm CF4
results in a significant decrease in the SiO2 etch rate from ∼760 to 400 Å/min, which is attributed
to a thick CHxFy film accumulating on the SiO2 surface.
137 With high resolution XPS, Lee et al.
further observed that the amount of CN bonds in the etched SiNx film decreased when 10 sccm
of CH4 was added to the plasma, which the authors attributed to increased removal of C from
the surface in the form of HCN.99,137 They hypothesized that by adding H to the surface through
CH4 dilution, etching of SiNx could proceed since the H- and F-rich CHxFy film on the surface
efficiently etched the underlying SiNx film through FCN and SiF4 formation. On the SiO2 surface
however, the additional H did not create any new and favorable reaction pathways.137 The rapid
accumulation of a CHxFy film on SiO2 could be the result of a higher polymerization rate for the
CH4/CF4 plasma on SiO2 compared to SiNx. Further increasing the CH4 gas flow rate relative
to CF4 resulted in even lower SiO2 etch rate and thus improving selectivity for SiNx etching over
SiO2. Adding 25 – 35 sccm of CH4 with the flow rates for Ar and CF4 kept constant, Lee et al.
reported an infinite SiNx to SiO2 selectivity since the etch rate of SiO2 dropped to ∼0 nm/min. But
increasing the CH4 flow rate past 35 sccm resulted in an etch stop on the SiNx surface as well since
a CHxFy film eventually accumulated on SiNx as well, and was too thick for etching to occur.
137
Using MD simulations, Hamaguchi and coworkers compared the atomic bond density profile on




2 ions (see Figs. 1.16b
and 1.16c).82 Figure 1.16b shows that on the SiNx surface bombarded with CF
+
2 ions, a thick CFx
film accumulates on the SiNx surface after just ∼1.5 nm of SiNx etching. However, on the CHF
+
2
exposed surface (Fig. 1.16c), more SiNx was etched and the accumulation of C-F and C-N bonds
was suppressed indicating that the addition of H can increase SiNx etching.
82 Experimentally, in
controlled beam experiments, enhancement in SiNx etching was observed with CHF
+
2 ions compared
to CF+ ions.138 In the CHF+2 case, less C was observed on the SiNx surface, compared to the CF
+
case,138 further indicating that the addition of H to the etching process enhances removal of C from
the surface through additional pathways, such as HCN formation.
1.4.2 Salt Layer Formation in ALE of SiNx
SiNx can also be etched through other novel chemical pathways, which can lead to extremely high
etch selectivity for SiNx over SiO2. SiNx surfaces can be converted to (NH4)2SiF6 using radicals from
a wide variety of plasmas such as NF3/O2/NH3, CHF3/O2, and CF4/H2/O2.
35,75,139,140 In RIE,
Zhang et al. hypothesized that the formation of an (NH4)2SiF6 and NH4F on a SiNx surface acted
as a blocking layer on the SiNx surface during RIE which enhanced SiO2 to SiNx etch selectivity.
75
Recently, Shinoda and coworkers35,139,140 used a remote plasma reactor shown in Figure 1.17a to
developed an isotropic SiNx ALE process that consists of two distinct steps: (a) deposition of an
ammonium fluorosilicate (NH4)2SiF6 film and (b) rapid thermal annealing of the deposited film to
activate etching. Figures 1.17b e show the process sequence in one complete ALE cycle.35,139,140
Figure 1.17b shows the plasma duration which deposits the (NH4)2SiF6 film and Figure 1.17c
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Figure 1.16 (a) Etch rate and CHxFy film thickness dependence on increasing CH4 gas flow rate
with 100 sccm of Ar and 10 sccm of CF4 as the other gases. Reproduced from S. Lee et al., J.
Vac. Sci. Technol. B 28 (1), 131-137 (2010). Copyright 2010 by the American Vacuum Society.
Ref.137. Elemental depth profile of a SiNx surface during etching by (b) CF
+
2 and (c) CHF
+
2 ions.
Reproduced from K. Miyake et al., Jpn. J. Appl. Phys. 53 (3S2), 03DD02 (2014). Copyright
(2014) The Japan Society of Applied Physics. Ref.82.
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shows the heater controller on the wafer, Figure 1.17d shows the cooling process on the wafer and
lastly, Figure 1.17e is the temporal temperature profile of the wafer. To enhance etch selectivity
and fidelity, a remote plasma source was used in the deposition half-cycle.35,140 A (NH4)2SiF6 film
formed during the first step on the SiNx surface (see Figs. 1.17b and 1.17g). During the deposition
half-cycle, the radicals from a CHF3/O2 react with the SiNx surface to form an (NH4)2SiF6 modified
layer of approximately ∼1–3 nm in thickness (see Fig. 1.17g).35 This modified layer is then activated
via infrared irradiation which rapidly and uniformly heats the wafer to ∼175 ◦C in 25 s (see Fig.
1.17h). Thermodynamic calculations predict that the (NH4)2SiF6 film decomposes into SiF4, HF,
and NH3 at ∼100
◦C, which allows for a short heating activation step of ∼12 s.35 This process, in
principle, can provide a fast throughput compared to C4F8/Ar and Ar plasma ALE. However, in
this (NH4)2SiF6 based process, the wafer must be cooled back to the starting temperature before
the plasma deposition step. Figure 1.17i shows high-resolution XPS scans of the N 1s region. These
spectra show that in each of the first four ALE half-cycles (or first two full cycles) the (NH4)2SiF6
salt film on the SiNx surface is efficiently removal with no residue, unlike a fluorocarbon-based ALE
process which leaves residual C on both the SiO2 and SiNx surfaces. This ALE process results in
an isotropic etch since it relies solely on radicals from a remote plasma and light irradiation to
heat the wafer. Therefore, this process is suitable for example in lateral etching in 3D-NAND flash
memory technology.35 This isotropic etch of SiNx due to (NH4)2SiF6 formation and volatilization
via infrared heating, with careful selection of the plasma gases, can lead to an extremely high etch
selectivity over SiO2 (Fig. 1.17j). The (NH4)2SiF6 salt readily forms on the SiNx surface during
exposure to hydrofluorocarbon plasma radicals but does not form on the SiO2 surface since the
only source of N comes from the SiNx film under certain plasma chemistries such as CHF3/O2.
Under other plasma feed gases such as CF4/NH3, a (NH4)2SiF6 film will form on both SiNx and
SiO2 leading to etching of both substrates and loss of etch selectivity.
141 However, remote plasmas
such as the CF4/NH3 described by Cho et al. that readily deposit salts on both SiO2 and SiNx,
will also deposit this (NH4)2SiF6 salt on the reactor walls which can be minimized with sufficient
wall heating.141
1.4.3 Surface Modification with H2 Plasmas
RIE and ALE of SiO2 and SiNx with H2 dilution was discussed in Section 1.3.5 and therefore not
discussed any further in this section. Here we will limit the discussion to the role of H2 plasmas as
a surface modification step in ALE of SiNx. It is well known that H2 plasmas will react with a SiNx
surface preferentially removing surface N atoms via NH3 formation, which leaves a H-terminated,
Si- rich, SiNx surface with Si-H bonds.
142–144 The penetration depth of the H ions and radicals in
the H2 plasma can be carefully controlled by varying various plasma parameters such as the average
ion energy. This modified SiHx rich SiNx layer can then be easily removed through a variety of
methods such as exposure to F radicals generated from a SF6 or NF3 plasma, Ar plasma, immersion
in a dilute HF solution, or irradiation with high energy photons.117,128,142–144
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Figure 1.17 (a) Schematic of the ALE reactor equipped with an ICP plasma source and infrared
lamp for rapid wafer heating. (b)-(e) Schematic showing the different steps during an ALE process
for SiNx using radical modification followed by infrared irradiation. The different steps are (b)
plasma exposure, (c) infrared irradiation, and (d) wafer cooling. (e) The last plot shows the wafer
temperature. Reprinted with permission from K. Shinoda et al., J. Phys. D: Appl. Phys. 50(19),
194001 (2017). Copyright 2017 Institute of Physics Publishing. Ref.35. Schematics (f)-(h) depict
the surface elemental composition of the SiNx film with (f) representing the SiNx surface prior to
etching, (g) showing an (NH4)2SiF6 salt layer on the SiNx surface, and (h) showing the activation
step with complete removal of the modified (NH4)2SiF6 film. (i) High resolution N 1s XPS spectra
of the SiNx film prior to etching and during each of the first four half-cycles. (h) Net etch of both
SiNx and SiO2 for the first two ALE cycles. Figure reproduced from K. Shinoda et al., J. Vac. Sci.
Technol. A 37 (5), 051002 (2019). Copyright 2019 by the American Vacuum Society. Ref.140.
1.4.4 Surface Functionalization and Modification
Recently, Gasvoda et al., demonstrated a different approach to achieving highly selective ALE of
SiNx over SiO2 via SiO2 etch retardation instead of SiNx etch enhancement.
34 To retard the overall
etch per cycle of SiO2, the authors pre-functionalized the SiO2 surface with a hydrocarbon. In
this approach, schematically shown in Figs. 1.18a-c, the SiO2 surface was selectively functionalized
with a hydrocarbon. This hydrocarbon attachment added excess C and H to the SiO2 surface,
which facilitates the formation of etch inhibiting graphitic hydrofluorocarbon films due to the lack
of volatile pathways to efficiently remove all the C from the surface. Cyclic azasilanes are one class
of molecules that selectively react with SiO2 surfaces over SiNx surfaces at temperatures as low at
70 ◦C.145,146One challenge in selectively functionalizing –OH-terminated SiO2 over SiNx surfaces is
partial oxidation of the SiNx film which also creates reactive –OH sites on the SiNx surface.
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Figure 1.18 Schematic showing an approach for selective ALE. (a) Surface functional groups on
SiO2 and SiNx surfaces. In (b), the –SiOH terminated SiO2 surface is functionalized by a reactive
molecule, which creates a hydrocarbon-terminated SiO2 surface. In an ideal case, no reaction
occurs with the SiNx surface. (c) After several ALE cycles, a conjugated hydrofluorocarbon film
accumulates on the SiO2 surface while the adjacent SiNx surface is etched. Infrared absorbance
change for seven ALE cycles referenced to the starting SiO2 surface for (d) bare SiO2 and (e)
functionalized SiO2. The spectra in (d) and (e) are plotted on the same scale. Reproduced from R.
J. Gasvoda et al., J. Vac. Sci. Technol. A 37 (5), 051003 (2019). Copyright 2019 by the American
Vacuum Society. Ref.34.
In their experiments, Gasvoda et al. showed that the overall etch of SiO2 after 7 cycles was
∼50% of the etch of SiO2 without any surface functionalization under nominally similar condi-
tions. Figure 1.18d and 1.18e show the infrared absorbance change for each ALE cycle on both the
pre functionalized and as deposited SiO2 films. The broad increase in absorbance at ∼1230 cm
−1
and ∼1500-1800 cm1 on the pre functionalized surface (Fig. 1.18e) shows that an etch inhibiting
conjugated hydrofluorocarbon film accumulates on the SiO2 surface during each ALE cycle. This
conjugated hydrofluorocarbon film accumulation is not observed on the bare SiO2 surface (Fig-
ure 1.18d). The stark difference in infrared absorbance spectra shows that by terminating the SiO2
surface with hydrocarbon groups prior to the start of ALE leads to a C-rich SiO2 surface at the
conclusion of the ALE cycle. An infrared absorbance comparison of the CFx film after the 7
th
34
cycle’s deposition shows a ∼1.65 times increase in CFx deposition on the pre-functionalized surface
compared to the bare surface. This increase in deposition rate is attributed to the increase in poly-
merization on a graphitic hydrofluorocarbon surface over a bare SiO2 surface.
34 Further analysis
by Gasvoda et al. showed that under their ALE conditions an etch stop on SiO2 was observed after
just the 4th cycle. The graphitic carbon film on the pre-functionalized SiO2 surface contained a
mixture of covalent bonds between the CFx film and SiO2 (Si-O-C, SiFx), and conjugated (-C=C-,
F2C=C<, F2C=CF-) and cumulated (=C=C=) carbon species. This conjugated hydrofluorocar-
bon film prevents the Ar+ ions from reaching the CFx SiO2 interface, and also traps the volatile
etch product precursors at the interface. With the Ar+ ions unable to fully activate the CFx film,
F leaves the surface through a defluorination process induced by sputtering. This selective surface
functionalization approach can be adapted to selectively etch SiO2 over SiNx as well as to other
materials.
1.5 Conclusions
In this focused review, we have discussed fluorocarbon based etching of SiNx and SiO2 under
both RIE and ALE conditions. RIE of both SiNx and SiO2 is well understood and optimized
through careful studies over the last ∼40 years. As the industry continues to transition and fully
enters the atomic scale era, various processing challenges must be addressed, including selective
etching with atomic scale precision of SiO2 over SiNx and vice versa. In reviewing the literature on
continuous etching of SiO2 and SiNx from a mechanistic perspective, it is known that for selective
SiO2 etching over SiNx, a low F to C ratio fluorocarbons yield high etch selectivity due to different
consumption rates of C and F on SiNx and SiO2 surfaces. SiNx etching can be enhanced via a
variety of methods such as the introduction of NO species to the plasma which allows for surface N
removal via N2O, or excess H addition to the CFxHy film via CH4 dilution. Even though ultrahigh
selectivity has been shown in continuous etching for both SiO2 to SiNx and SiNx to SiO2, the
industry is moving to ALE for certain applications due to its inherent atomic-level control. Even
though ALE of SiO2 was first experimentally demonstrated only in 2014, considerable insight into
both ALE of SiO2 and SiNx has been gained since the first report. We reviewed the ALE process
of both SiO2 and SiNx in detail including the surface composition at the end of each cycle and
chamber wall effects that are inherent to an ALE process.
This review article also focused on current techniques for enhancing etch selectivity during ALE
of SiO2 and SiNx. Selective etching of SiO2 over SiNx can be achieved via optimization of primarily
four processing knobs: ion energy distribution in Ar plasma for CFx film activation, Ar plasma
duration, CFx film thickness, and the CFx film composition. By using a low ion energy and short
Ar plasma activation half-cycle in combination of a thick C-rich CFx film increases etch selectivity
for SiO2. It is important to note that simply reducing the F to C ratio via H2 dilution actually
reduces etch selectivity in ALE since H radicals can remove from the SiNx surface the protective
C-rich film residue formed in the previous cycle. Further etch selectivity improvements could be
achieved with novel fluorocarbon gases. The reverse case, selective SiNx etching over SiO2 remains
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a challenge for fluorocarbon-based ALE. Recent work using selective deposition of (NH4)2SiF6 on
SiNx shows highly selective isotropic etching of SiNx over SiO2. Lastly, surface pre-functionalization
of SiO2 with a hydrocarbon has also been shown as a viable pathway to retarding the etch of SiO2
leading to a possible improvement in etch selectivity. In almost every ALE process cited in this
review article, an etch stop on either the SiO2 or SiNx surface was observed between 4-30 cycles.
In these cycles, considerable etching of the undesired material can occur which must be minimized
for atomic-scale era devices. These new devices may require this etch stop to occur within the first
or second ALE cycle in some of the most crucial etching steps such as multiple patterning and gate
spacer and contact etching steps.
1.6 Acknowledgments
The authors would like to thank the Lam Research Corporation for funding this work.
1.7 Thesis Outline
The work performed in this PhD thesis aims to develop a new and novel approach to enhancing
overall etch selectivity in ALE of SiO2 over SiNx and SiNx over SiO2. This approach, schematically
depicted in Figure 1.18, relies on selective surface functionalization followed by ALE. Chapter 2
demonstrates the in situ optical diagnostic techniques: ATR-FTIR spectroscopy and 4-wavelength
ellipsometry as valid tools for studying the surface phenomena during ALE of SiO2. Chapter 3-4
demonstrates the ability to functionalize a SiO2 surface with a hydrocarbon molecule and that
this attachment to SiO2 leads to etch reduction. Chapter 5 demonstrates a new toolset with
selective attachment of molecules to SiO2 over SiNx and SiNx over SiO2 surfaces via the gas-phase.
Chapter 6 is a short letter demonstrating that selectively pre-functionalizing a SiNx surface with
benzaldehyde leads to an increase in the overall SiO2 to SiNx etch selectivity under nominally
similar etch conditions. Chapter 7 is the culmination of this work, essentially it demonstrates
that we can selectively functionalize the SiNx surfaces during the etch process, albeit with a lower
attachment selectivity. We still observe a decrease in the net etch of SiNx even in an ALE process
with high ion energy bombardment. The last chapter, summarizes this PhD work and makes some
recommendations for future work.
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CHAPTER 2
SURFACE PHENOMENA DURING PLASMA-ASSISTED
ATOMIC LAYER ETCHING OF SIO2
Adapted from a paper published in ACS Applied Materials and Interfaces¶
Ryan J. Gasvoda,† Alex W. van de Steeg,‖ Ranadeep Bhowmick,‡
Eric A. Hudson,‡,§ and Sumit Agarwal†,§
The previous chapter provides a starting point for studying ALE of SiO2 and SiNx by carefully
reviewing the mechanistic studies in the literature for both RIE and ALE. However, before develop-
ing any selective ALE process, we must do two things: first, we must demonstrate that our in situ
optical diagnostics and reactor configuration can be used to create and study an ALE process; two,
we must study and understand the surface phenomena and etch mechanisms of ALE of SiO2. This
chapter and published paper accomplishes both of these tasks. We begin by demonstrating that a
thick CFx film deposited from a C4F8/Ar plasma can be completely activated and removed with a
pure Ar plasma under the conditions described in the paper. Additionally, the in situ ATR-FTIR
spectroscopy and in situ 4-wavelength ellipsometry can be used to gather complimentary informa-
tion. For ALE to provide high etch fidelity and low damage that is required for the next generation
of devices, the interface between the CFx film and the underlying SiO2 film must remain atomically
abrupt throughout the ALE process. We compare the degree of covalent bonding at the CFx-SiO2
interface in an RIE case study from the literature and the CFx films used in our ALE process. This
conclusively demonstrates that the interface between the CFx and SiO2 films is atomically-abrupt,
unlike the interfaces observed during high ion energy reactive ion etching. The table of contents
image showing a cartoon of the CFx-SiO2 interface during the initial Ar plasma activation is shown
in Figure A.1. Careful analysis of the infrared spectra during a short Ar plasma activation indi-
cates that interfacial etch products are liberated from the CFx-SiO2 interface. Additionally, this
plasma-assisted ALE process tends to suffer from chamber memory effects which manifest as a drift
or increase in the etch process. This occurs over the course of numerous sequential ALE cycles
even though the CFx deposition half-cycle remains largely unchanged and is reproducible cycle to
cycle. Specifically, the CFx film accumulates on the reactor walls. In later ALE cycles, this large
F-reservoir manifests itself as an increase in the EPC due to CFx liberation from the reactor walls
from Ar+ bombardment. We observe etching of the SiO2 even past the complete activation of the
deposited CFx. There are multiple processing methods that are available to address this chamber
memory affect.
¶Reprinted with permission of ACS Appl. Mater. Interfaces, vol 9 (36), pp. 31067-31075 2017.
Copyright 2019 American Chemical Society
‖Applied Physics Department, Eindhoven University of Technology
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2.1 Abstract
Surface phenomena during atomic layer etching (ALE) of SiO2 were studied during sequential
half-cycles of plasma assisted fluorocarbon (CFx) film deposition, and Ar plasma activation of
the CFx film using in situ surface infrared spectroscopy and ellipsometry. Infrared spectra of the
surface after the CFx deposition half-cycle from a C4F8/Ar plasma show that an atomically thin
mixing layer is formed between the deposited CFx layer and the underlying SiO2 film. Etching
during the Ar plasma cycle is activated by Ar+ bombardment of the CFx layer, which results in
the simultaneous removal of surface CFx and the underlying SiO2 film. The interfacial mixing layer
in ALE is atomically thin due to the low ion energy during CFx deposition, which combined with
an ultrathin CFx layer ensures an etch rate of a few monolayers per cycle. In situ ellipsometry
shows that for a ∼4 Å thick CFx film, ∼3–4 Å of SiO2 was etched per cycle. However, during
the Ar plasma half-cycle, etching proceeds beyond complete removal of the surface CFx layer as
F-containing radicals are slowly released into the plasma from the reactor walls. Buildup of CFx
on reactor walls leads to a gradual increase in the etch per cycle.
2.2 Introduction
As device dimensions continue to shrink in semiconductor manufacturing for the sub-7-nm node
and beyond, three dimensional devices with high aspect ratios nanostructures will dominate, placing
stringent constraints on the etching and deposition processes.6 These constraints limit the appli-
cation of conventional deposition and etching techniques in future semiconductor processing.6,11
Atomic layer processing is being widely studied to address the challenges in the manufacturing of
these next-generation high-aspect-ratio devices.3 While atomic layer deposition (ALD) has been
extensively investigated over the last couple of decades, and currently used in device manufacturing,
atomic layer etching (ALE) processes for device manufacturing are just being developed.7,13,14,103
Similar to ALD, ALE is operated in two cyclic half-reaction steps with the goal of removing a
fraction to a few monolayers of material in a single cycle.77 Under ideal conditions, the first ALE
half-cycle modifies the surface to form a reactive layer, and in the second half-cycle, only this re-
active surface layer is removed.7,77 Over the last decade, ALE has been realized for a variety of
materials including but not limited to SiO2, SiNx, Si, Al2O3, and HfO2.
7,13,14,27,28,103 For wider
application of ALE in semiconductor device processing, and for it to serve as a complement to
ALD, there is a critical need to understand the underlying surface phenomena.
SiO2 is one of the most commonly used materials in semiconductor devices.
147 Conventional
plasma etching of SiO2 using fluorocarbon-based chemistry is well understood through numerous
studies performed over the last few decades.6,56 In conventional plasma etching, also referred to
as reactive ion etching, anisotropic removal of a material is enabled by the synergistic effect of
the impinging reactive neutral species combined with energetic ion bombardment normal to the
substrate surface.17 During SiO2 etching with a fluorocarbon plasma, it is well known that a
thin fluorocarbon (CFx) film exists on top of the SiO2 surface, which also forms a covalently-
bonded mixing layer at the CFx-SiO2 interface. This intermixing at the interface occurs due to ion
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bombardment, and all SiO2 etch products are generated in this layer. Specifically, the F atoms in
the CFx film bond with the Si in SiO2 to form volatile SiF4, while the C atoms in the CFx film
bonds with O to form CO and CO2, which are also volatile leaving groups.
59,65,148 Under steady-
state etching conditions, the thickness of the CFx film and the mixing layer depends on the ion
bombardment energy. In a typical fluorocarbon plasma such as CHF3, at low ion bombardment
energies, <25 eV,64 the CFx film deposition rate can be greater than the ion-assisted removal rate.
Under these conditions, a thick CFx film builds up on the surface, which ultimately inhibits etching
of the underlying SiO2 layer by preventing the diffusion of volatile etch products to the surface and
Ar+ ions from reaching the CFx/SiO2 interface.
67,68 But, if the ion energy is increased slightly,
under steady-state conditions, a thinner CFx film builds up on the SiO2 surface, which allows for
simultaneous removal of the etch products as they diffuse through the thin CFx film.
56,67,68 In this
intermediate regime, the amount of CFx removed and added are roughly equal, therefore resulting in
steady-state CFx film and mixing layer thicknesses.
67 Increasing the ion energy past the sputtering
threshold for SiO2 results in the highest etch rate, but at the expense of the film integrity and
etch selectivity for SiO2 over other materials.
58,67,68 The intermediate operating condition, which
is usually the more desirable one, is often referred to as the “suppression” regime where there
is a steady state CFx thickness on the surface. The suppression condition provides a reasonably
high etch yield, but etching occurs primarily through chemical modification of the SiO2 surface.
56
Thus, conventional etching processes are very complex due to the simultaneous effect of the reactive
neutrals and ions on the etch chemistry. On the other hand, in plasma-assisted ALE, the role of
neutrals and ions is separated into two half-cycles. The first half-cycle involves plasma deposition
of a reactive layer from primarily neutral species, following by plasma-assisted ion bombardment
of the surface in the second half-cycle to activate the reactive neutral species that initiate surface
etching. Separation of the neutral and ion-assisted reaction steps in plasma assisted ALE provides
self-limiting etching per cycle, combined with enhanced etch fidelity.7
The anisotropic SiO2 ALE process typically involves a plasma-assisted CFx film deposition step,
followed by an Ar+ assisted step that activates the CFx layer to create and ultimately liberate the
volatile etch products including SiF4, CO and CO2: only the latter step in this ALE process is
self-limiting. Using a hybrid plasma modeling approach Agarwal and Kushner first reported on the
plasma-assisted ALE of SiO2 in 2009.
77 This ALE process was then experimentally confirmed by
Metzler et al. in 2014.78 Their process used two sequential steps: a C4F8/Ar plasma for deposition
of a CFx film, followed by an Ar plasma step for energetic ion bombardment of the surface.
78 These
authors demonstrated that by controlling the CFx layer thickness in the first half-cycle, roughly a
monolayer of SiO2 (∼ 4 Å) could be removed in one complete ALE cycle.
78,103 Using in situ x-ray
photoelectron spectroscopy (XPS), Metzler et al. also showed that during deposition, the CFx layer
intermixes with the underlying SiO2 layer similar to a continuous etch process.
78,103 Photoelectron
emission spectra recorded after the completion of one complete ALE cycle show that a thin residual
F depleted CFx film remains on the SiO2 surface even after the Ar plasma half-cycle. However, it
remains unclear if this residual CFx is a part of the mixing layer that is generally observed at the
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CFx-SiO2 interface during continuous etching of SiO2 with a fluorocarbon plasma. Moreover, the
chemical bonding and the thickness of this interfacial mixing layer still needs to be characterized
during each half-reaction cycle as these parameters ultimately control the etch per cycle (EPC).
Furthermore, it has been shown that in SiO2 ALE processes, CFx accumulates on the chamber walls,
which leads to an increase in the EPC with each ALE cycle as the overall fluorine concentration
increases in the chamber.58,78,101 Thus, a better understanding of the SiO2 ALE process at an
atomistic level is required to minimize surface damage, and to enable better control over the etch
profile and the EPC.
In this work, we present a detailed analysis of the surface phenomena during the ALE of plasma-
deposited SiO2 using C4F8/Ar and Ar plasma half-reaction cycles. The surface composition during
each ALE half-cycle was determined using in situ attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy. In situ ellipsometry was used to monitor the overall film
thickness throughout the ALE process. Specifically, during the C4F8/Ar plasma half-cycle, we
have identified the bonding in the CFx layer and the CFx SiO2 interface, and compare it to a
continuous SiO2 etching process. We also report on the interaction of the CFx layer and the
underlying SiO2 film with energetic Ar
+ ions during the Ar plasma half-cycle. We show that
during the CFx deposition half-cycle, almost no mixing occurs at the CFx-SiO2 interface, and in
contrast to continuous etching this interface is atomically thin during ALE. During the Ar plasma
half-cycle, we show that no residual CFx remains on the surface within the sensitivity of the ATR-
FTIR spectroscopy setup. The gradual increase in the etch per cycle is due to the additional
F-containing radicals that are released from the reactor walls due to Ar+ bombardment, and not
due to a drift in the thickness or composition of the deposited CFx film.
2.3 Experimental Details - ALE Reactor With In Situ Surface Diagnostics
ALE of SiO2 films was investigated in a surface analysis chamber (see Figure 2.1) equipped with
a parallel-plate capacitively-coupled plasma source, where the top stainless steel electrode (25 ×
10 cm2) was radio-frequency (rf) powered at 13.56 MHz.149,150 The substrates for studying ALE
were placed on a 10 cm diameter resistively-heated stage, which also functioned as the grounded
electrode for the capacitively-coupled plasma source. The spacing between the grounded substrate
stage and the powered electrode was 5.5 cm (see Figure 2.1). All ALE experiments reported herein
were conducted at a substrate temperature of 70 ◦C. All gas flow rates were set using mass flow
controllers, and during gas cycling, individual gases were directed into the reactor or into a bypass
mechanical pump using pneumatic valves that were operated via LabVIEW.
The vacuum chamber was evacuated with a turbomolecular pump connected in series with a
dry mechanical pump, which provided a base pressure of ∼1.0 x 107 Torr. The surface evolution
during the ALE half-cycles was studied through in situ ATR-FTIR spectroscopy and in situ four-
wavelength ellipsometry (see Figure 2.1).149–151 Trapezoidal 50 x 10 x 1 mm ZnSe internal reflection
crystals (IRCs) with the short faces beveled at 45◦ were used as the substrate for ATR-FTIR
spectroscopy. In this setup, an infrared beam from a commercial FTIR spectrometer (Nicolet
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Figure 2.1 Schematic of the capacitively-coupled plasma reactor showing the in situ ATR-FTIR
spectroscopy and four-wavelength ellipsometry setups.
6700) was focused onto the beveled edge of the IRC. The infrared beam was incident on the flat
face of the IRC at an angle of 45◦, which is greater than the angle for total internal reflection. The
infrared beam underwent ∼25 reflections on each flat face of the ZnSe IRC, and after exiting the
crystal was redirected through another series of optics to a liquid-N2-cooled MCT A detector (see
Figure 2.1). ZnSe was used as the IRC since it is transparent in the infrared from 650 – 4000 cm−1,
which allowed us to monitor most of the relevant vibrational modes during ALE of SiO2. In addition
to the available infrared window, more importantly, ZnSe was also resistant to atomic fluorine at
temperatures less than 100 ◦C, which prevented the degradation of the IRC during processing. All
infrared spectra were averaged over 300 scans with a spectral resolution of 4 cm−1. The relevant
background spectrum for each infrared spectrum is described in individual figure captions.
The chamber was also equipped with an in situ four-wavelength (465, 525, 580, and 635 nm) Film
Sense FS-1ellipsometer (see Figure 2.1). In this setup, polarized light was directed through a Kodial
glass window onto the substrate at an incident angle of 70◦ with respect to the surface normal. The
reflected beam exited the reactor through a second quartz window (see Fig. 2.1), and was incident
onto a detector that measured the state of polarization. A ∼15×25 mm single-side-polished Si wafer
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was used as the substrate for the ellipsometry measurements, and was placed adjacent to the ZnSe
IRC onto the substrate heater. The thickness of the native SiOx layer on Si was measured prior to
any deposition, and was assumed to remain constant thereafter. Ex situ spectroscopic ellipsometry
(Woollam, M-44) measurements confirmed that the CFx layer and the underlying SiO2 film had
similar refractive indices of 1.43 and 1.46, therefore for in situ measurements, the entire stack
was modeled as a single transparent layer using the Cauchy model with a fixed refractive index of
1.45.152–156 Therefore, the error estimated in the film thickness measurements due to the difference
in refractive index of the SiO2 and CFx films is estimated to be at <5%. The in situ ellipsometry
data was collected during the Ar purge steps in the ALE cycle or by interrupting the Ar plasma
half-cycle, and was averaged over 4 s. The total film thickness measurements were then used to infer
the thickness of the CFx film deposited during the C4F8/Ar plasma cycle, and the net SiO2 etched
during the Ar plasma half-cycle. Note, the deposition rate for CFx onto SiO2 was not linear as the
deposition surface transitioned from SiO2 to CFx as more CFx was deposited. However, since we
did not record CFx growth during the C4F8/Ar plasma step in real time, the CFx thickness increase
in our plots is simply represented by straight lines that connect the data points corresponding to
the initial and the final thicknesses.
2.3.1 Reactor Pre-Clean, SiO2 Deposition and Post SiO2 Deposition Clean
Before each ALE experiment, the wall deposits on the reactor from the previous experiment
were cleaned in two steps. In the first step, the chamber walls were cleaned using an O2/SF6/Ar
plasma at 100 W rf power for 10 min with flow rates of 20 standard cm3/min (sccm) of O2, 20
sccm of SF6, and 80 sccm of Ar at a pressure of ∼400 mTorr. In the second step, O2 was turned
off, and the chamber walls were cleaned for an additional 75 min using a SF6/Ar plasma operated
at 100 W and a pressure of ∼360 mTorr. After reactor cleaning, the ZnSe IRC and Si wafer were
placed on the substrate heater, and ∼12 nm of SiO2 was deposited from a SiH4/Ar/O2 plasma as a
substrate temperature of 250 ◦C and an rf power of 100 W. During SiO2 deposition, 45 sccm of SiH4
(diluted to 1% in Ar) and 0.9 sccm of O2 were introduced into the chamber, and the pressure was
set at ∼440 mTorr. In order to prevent the redeposition of SiO2 from the chamber walls onto the
substrate during the ALE process, the samples are removed from the chamber after SiO2 growth,
and the chamber was subsequently cleaned for another 75 min using the same process conditions
described above.
2.3.2 ALE Process
Figure 2.2 shows a schematic of the ALE process. During the entire process, there was con-
tinuous Ar flow at 100 sccm resulting in a chamber pressure of ∼550 mTorr. For the deposition
half-cycle, an additional 3 or 4 sccm of C4F8 (Matheson 99.999%) was introduced depending on
the desired CFx film thickness. Thirty seconds after the introduction of C4F8, the pressure in the
chamber was sta¬bilized to ∼555 mTorr, and the plasma was turned on with the rf power at 50
W for 2 or 10 s depending on the desired CFx thickness. Specifically, a C4F8 flow rate of 3 sccm
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resulted in a ∼3.8 Å thick CFx film in 2 s, 4 sccm resulted in ∼5.5 Å thick CFx film in 2 s, and 4
sccm resulted in ∼21 Å thick CFx film in 10 s. After the desired CFx deposition time, the plasma
was turned off in conjunction with the C4F8 flow. Since Ar continued to flow into the chamber, it
also functioned as a purge gas for 40 s. After the purge step, a pure Ar plasma was ignited at 100
W for 30 s for the ∼3.8 Å CFx film, and for 60 s for the ∼5.5 and ∼21 Å CFx films. The Ar plasma
step was followed by a 30 s purge step. The Ar ion energy in the Ar half-cycle was confirmed to
be below the SiO2 sputtering threshold in an earlier experiment.
Figure 2.2 Schematic of gas and plasma pulsing times employed during the ALE process.
2.4 Results and Discussion - Characterization of CFx Film
Prior to ALE of SiO2, we deposited a CFx film on bare Si and ZnSe substrates to establish a
correlation between the film thickness obtained from in situ four-wavelength ellipsometry and the
integrated absorbance change for the CFx (x = 1, 2, 3) stretching vibrations
80,100 at ∼1230 cm−1
measured using in situ infrared spectra spectroscopy. The spectrum in blue in Figure 2.3a is the
absorbance change for a CFx film deposited for 40 s using a C4F8/Ar plasma with 4 sccm of C4F8
(see details in Section 2.3.2, ALE Process). Similar to previous studies by Marra et al. on SiO2
etching from a CF4/H2 plasma, in addition to the strong vibrational band for CFx (x = 1, 2, 3)
stretching vibrations at ∼1230 cm−1, an additional feature was observed at ∼1700 cm−1, which
was assigned to the F2C=C< functional group indicating the presence of some graphitic carbon in
the CFx film.
80 The presence of a small, sharp feature centered at ∼980 cm−1 is also attributed to
vibrations in the CFx film. This peak was previously reported in plasma-deposited CFx films, and
was attributed to CF3 vibrations without assigning it to a specific normal mode.
157–161 However,
according to most other reports, CF3 stretching vibrations appear in the 1325–1365 cm
−1 region,
and the bending vibrations are below 800 cm−1.162–164 Regardless of the exact assignment for the
∼980 cm−1 mode in Figure 2.3a, this weak feature is characteristic of CFx films, and is not related
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to the SiFx (x = 1, 2, 3) stretching vibrations that appear at ∼960 cm
−1.80,100,109,165 The spectra
in red in Figure 2.3a show the removal of the CFx film through 20-s intervals of Ar plasma for
a total of 140 s. The CFx film shown in blue was the reference spectrum for each spectrum in
red in Figure 2.3a. Thus a decreases in absorbance indicates the removal of a particular species
from the film during the Ar+ bombardment. The complete removal of the F2C=C< peak during
the first 20 s indicates that the F2C=C< species are either on the top surface and easily removed
or are susceptible to transformation from sp2- to sp3-hybridized carbon-carbon bonds due to Ar+
bombardment. Figure 2.3b shows the fraction of CFx removed determined from the fractional
change in the integrated absorbance for the ∼1230 cm−1 band, and the CFx film thickness directly
obtained from in situ ellipsometry. The fact that both infrared and ellipsometry measurements
track each other almost exactly validates that the ellipsometry data can be fitted using the Cauchy
model with a fixed refractive index of 1.45. These measurements also establish that the Ar+ ion
energy during the Ar plasma step is sufficient to completely remove the CFx film.
2.4.1 CFx Film Deposition on SiO2 Surface
Figure 2.4a shows the absorbance change corresponding to SiO2 deposition onto a bare ZnSe
IRC and absorbance change due to three CFx films of different thicknesses deposited onto SiO2.
In the SiO2 infrared spectrum, the strongest band at ∼1070 cm
−1 corresponds to the Si-O-Si
antisymmetric transverse optical (TO) phonon mode. The shoulder at ∼1255 cm−1 corresponds
to the Si-O-Si antisymmetric longitudinal optical (LO) phonon mode. The weaker mode at ∼810
cm−1 is the symmetric Si-O-Si phonon mode. All these bands are typical of plasma-deposited
SiO2 films.
165–168 After depositing the SiO2 film onto the ZnSe IRC, CFx films of three different
thicknesses, ∼3.8, 5.5, and 21.4 Å, were deposited onto the SiO2 surface. Similar to the CFx film
infrared absorbance spectrum in Figure 2.3a, the spectra in Figure 2.4a show a strong increase in
absorbance at ∼1230 cm−1 and a weak band at ∼1700 cm−1.
However, in Figure 2.4a, two additional weak absorption features appear in the spectrum for the
∼21.4 Å CFx film that are related to deposition onto SiO2 as compared to deposition onto the bare
ZnSe IRC: a small shoulder at ∼1110 cm−1, which corresponds to C-O-Si stretching vibrations, and
a weak broad peak from ∼950 – 990 cm−1, which corresponds to the stretching vibrations for SiFx (x
= 1, 2, 3) species as well as some contribution from the CFx film.
80,100,109,157–161,165,169 Figure 2.4b
compares the line shape in the ∼900 – 1000 cm−1 region based on underlying film, which is either
the bare ZnSe IRC or the SiO2 film on the ZnSe IRC. The peak centered at ∼980 cm
−1 is due to
the CFx film, and is evident in both spectra in Figure 2.4b. However, the spectrum corresponding
to deposition onto SiO2 shows an additional peak centered at ∼960 cm
−1, which represents SiFx
(x = 1, 2, 3) stretching vibrations.80,100,109,165,169 The presence of SiFx and C-O-Si features can
be attributed to covalent bonding between SiO2 and the CFx film at the interface. However, these
features are not discernable for the ∼3.8 and ∼5.5 Å CFx films, which indicates that the thickness
of the mixing layer can be controlled down to the atomistic-scale by controlling the thickness of
the CFx film deposited in the first ALE half-cycle. For the remainder of this manuscript where the
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Figure 2.3 (a) The spectrum in blue shows infrared absorbance change recorded during deposition
of a CFx film on a bare ZnSe crystal after 40 s of C4F8/Ar plasma exposure. The reference spectrum
was for the bare ZnSe IRC. The spectra in red show infrared absorbance change during the removal
of the CFx film upon 140 s of exposure to an Ar plasma. Each spectrum was recorded after a 20-s
interval. The reference spectrum was for the ZnSe IRC with the ∼5.0 nm CFx film. (b) The left
ordinate corresponds to the change in the CFx film thickness measured on a bare Si wafer using
4-wavelength ellipsometry during CFx deposition from a C4F8/Ar plasma (0–40 s), and subsequent
CFx etching in an Ar plasma (40–180 s). The right ordinate corresponds to the percent decrease in
the integrated absorbance for the CFx stretching region at ∼1230 cm
−1 versus Ar plasma exposure
time.
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Figure 2.4 (a) Infrared absorbance change recorded after plasma-assisted deposition of SiO2 (black)
onto a bare ZnSe IRC, and infrared absorbance spectra corresponding to ∼3.8 (green), ∼5.5 (red),
and ∼21.4 (blue) Å thick CFx films deposited on top of the SiO2 film. The reference spectrum for
the CFx film corresponds to the SiO2 film and the underlying ZnSe IRC. (b) Zoomed in view of
the infrared absorbance change in the 900 – 1000 cm−1 region for CFx deposition onto a bare ZnSe
IRC (black) (Figure 2.3a), and corresponding to the ∼21.4 (blue) Å thick CFx film on the SiO2
(Figure 2.4a).
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CFx film is much thinner, ≤5.5 Å, we attribute the band at ∼960 cm
−1 to just the SiFx (x = 1, 2,
3) stretching vibrations.
During conventional fluorocarbon plasma etching of SiO2 it has been shown that a ∼10-35 Å CFx
film exists on the SiO2 surface.
56,65,67,70 At steady-state, as etching of the underlying SiO2 occurs,
the CFx film consumed in the etch reaction is simultaneously replenished from the fluorocarbon
plasma.64,65,67,68 Using ATR-FTIR spectroscopy in a setup that was very similar to the one used in
this study, Marra et al. characterized the CFx and the mixing layers that are present on the surface
during conventional etching of SiO2 from a CF4/H2 plasma.
80 Under their operating conditions,
the peak intensity ratio of the C-O-Si band to CFx band was ∼1.5.
80 In the infrared spectrum of
the ∼21.4 Å thick CFx film shown in Figure 2.4a, this ratio was ∼0.09. Therefore, compared to
conventional etching, the amount of mixing occurring between the CFx layer and the SiO2 film was
negligible in the ALE processes due to the low ion energy used during the CFx deposition step.
Since F atoms are the main etchant during a fluorocarbon etching process,71 it follows that by
controlling the amount of F at the CFx-SiO2 interface, the etch rate can be controlled down to
monolayer level precision.78,103
2.4.2 SiO2 Etching Mechanism During Ar Plasma Half-Cycle
Figure 2.5a shows the change in absorbance recorded during the fourth ALE cycle following
SiO2 deposition and chamber cleaning (see Section 2.3.1, Reactor Pre-Clean, SiO2 Deposition and
Post SiO2 Deposition Clean). While the ∼21-Å-thick CFx film in this particular experiment is a
lot thicker than what would be used to achieve monolayer-level etching of SiO2 during an ALE
cycle, we intentionally used a thick film to illustrate that the underlying SiO2 could be etched
efficiently even though most of the CFx film still remained on the SiO2 surface. The single-beam
reference spectrum for all the infrared spectra in Figure 2.5a was recorded before the start of the
fourth ALE cycle. The spectrum in blue in Figure 2.5a corresponds to ∼21 Å of the CFx film. The
rest of the spectra in Figure 2.5a show the absorbance change during 60 s of Ar+ bombardment
in 10-s intervals. A clear decrease in absorbance at ∼1230 and ∼1700 cm−1 was observed in the
infrared spectrum recorded after 10 s of Ar+ exposure corresponding to the removal of the CFx
film. Simultaneously, there was a decrease in absorbance at ∼1070 cm−1 corresponding to SiO2
removal. Due to the presence of CFx on the surface, the LO mode for SiO2 at ∼1255 cm
−1 was
obscured as this mode almost completely overlaps with the CFx (x = 1, 2, 3) stretching vibrations
at ∼1230 cm−1. Additionally, the spectra in Figure 2.5a do not indicate a buildup of C-O-Si or
SiFx (x = 1, 2, 3) at the CFx film and SiO2 interface indicating that when the volatile etch products
are formed they are efficiently removed from the interface, possibly due to the porous nature of
the thin overlying CFx film.
65,71 As the Ar plasma exposure time was extended beyond the first
10 s, both CFx and SiO2 continued to be removed simultaneously for up to 50 s. In the infrared
spectrum recorded after 50 s of Ar plasma exposure in Figure 2.5a, a clear simultaneous decrease
in both the TO and LO phonon modes for SiO2 can be observed indicating that all of the CFx was
removed by this time due to Ar+ ion bombardment. Interestingly, an additional 10 s of Ar+ ion
47
bombardment indicates further etching of SiO2 even though the spectra taken after 50 s of Ar
+
bombardment shows no CFx on the surface. Since SiO2 is further etched during the last 10 s, this
indicates that there is an additional source of F radicals in the chamber, most likely arising from
sputtering of the residual CFx on the chamber walls.
101,110,113,114 Finally, we note that the etch
behavior of SiO2 described in this section may be specific to films deposited by PECVD as these
films are less dense than thermally-grown SiO2.
Figure 2.5 (a) Infrared absorbance change during one complete ALE cycle. Spectrum in blue
corresponds to CFx deposited onto SiO2 from a C4F8/Ar plasma for 10 s with a C4F8 flow rate of
4 sccm. The remaining 6 spectra correspond to 10-s increments (dark green to red) of Ar plasma
exposure. (b) The left ordinate corresponds to the total thickness (SiO2 + CFx) measured using
4-wavelength ellipsometry over a complete ALE cycle recorded simultaneously with the data in
Figure 2.5a. The right ordinate is the fractional decrease in the peak intensity of the Si-O-Si
vibrational mode at ∼1070 cm−1 during Ar plasma exposure.
Figure 2.5b shows the fraction of SiO2 etched as measured through the peak intensity of the Si-
O-Si phonon mode at 1070 cm−1 in the infrared spectra in Figure 2.5a, and the combined thickness
of CFx and SiO2 measured through ellipsometry. A comparison of the slopes for SiO2 removal and
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of the combined CFx and SiO2 removal show a very similar almost linear trend confirming that the
removal of the CFx film occurs simultaneously with SiO2, and that the CFx film and the underlying
SiO2 are removed at nominally a similar rate. Since we know from the infrared spectra in Figure
2.5a that the CFx film was completely removed after 50 s, it is expected that etching of SiO2 would
stop as the CFx film was depleted, and there should be no further change in the thickness measured
from ellipsometry. However, the last 10 s of the Ar plasma half-cycle indicates that the etch rate
did not in fact decay, but remained relatively constant. The constant etch rate measured from
ellipsometry further confirms the interpretation of the infrared data in Figure 2.5a that there must
be another source of an SiO2 etchant in the reactor, since we have already confirmed that the Ar
plasma half-cycle does not physically sputter the SiO2 film (see Section 2.3.2, ALE Process).
To determine the etching mechanism during the first few seconds of the Ar plasma half-cycle for
conditions that are more relevant to SiO2 ALE that provides monolayer-level EPC, we deposited
two CFx films with much lower thicknesses of ∼3.8 and 5.5 Å on SiO2, and exposed each these films
to three seconds of Ar plasma. The infrared spectra of these films are shown in Figure 2.6 with the
blue spectra representing the CFx deposition step, and the red spectra representing the net effect
of CFx deposition and 3 s of Ar plasma exposure. In each case, the reference spectra correspond to
the underlying SiO2 film before the CFx deposition step. From a comparison of the spectra in blue
and red in Figure 2.6, it is clear that in both cases the CFx layer remains largely unchanged after
three seconds of Ar plasma exposure. However, for both CFx films, a measurable amount of SiO2
was removed in the first 3 seconds, which is apparent from the decrease in absorbance in the ∼1070
cm−1 region, corresponding to Si-O-Si TO phonon mode: this decrease in absorbance was ∼12%
of the total SiO2 removed during a single ALE cycle for both CFx film thicknesses. Therefore, it
follows that the initial amount of SiO2 etched is directly proportional to the amount of CFx on the
surface, which may be counterintuitive since there is no measurable decrease in absorbance for the
CFx stretching vibrations in Figure 2.6. Hence, we postulate that etching occurs through the SiFx
(x = 1, 2, 3) species that are formed at the CFx/SiO2 interface during CFx deposition, and the
amount of these SiFx (x = 1, 2, 3) species is proportional to the CFx film thickness. The most likely
reason why no clear decrease or increase in absorbance is observed in Figure 2.6 due to SiFx (x =
1, 2, 3) stretching vibrations at 960 cm−1 is due to the low infrared absorption cross-section for
this mode.170 A strong SiFx (x = 1, 2, 3) mode has only been reported previously for continuous
etching where the mixing layer at the CFx-SiO2 interface was much thicker.
80,170
2.4.3 Sequential Cycles of ALE
To characterize SiO2 ALE over several cycles that etch roughly one monolayer of SiO2 per cycle
we used a CFx film thickness of ∼3.8 Å in each half-cycle, and characterized the process for 19
sequential ALE cycles. Figure 2.7 shows the evolution of the change in the combined SiO2 and
CFx film thickness over 19 ALE cycles measured through in situ ellipsometry. The EPC gradually
increased as a function of the cycle number with the first 5 cycles averaging at ∼2.9 Å, the next 8
cycles averaging at ∼4.4 Å, and the last 6 cycles averaging an EPC of ∼5.5 Å. The inset in Figure
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Figure 2.6 Infrared spectra recorded during deposition of CFx (blue) for 2 s from a C4F8/Ar plasma
for a C4F8 flow rate of (a) 3 sccm (3.8 Å) and (b) 4 sccm (5.5 Å), and subsequent etching in a Ar
plasma for 3 s (red). Each spectrum was referenced to the underlying SiO2 film and the ZnSe IRC.
2.7 also clearly shows the thickness change for the 14th and 15th cycles in which the two deposition
steps (blue) and the two etching steps (red) appear similar, confirming that the drift in the EPC
is gradual, and becomes measurable after 5-8 complete ALE cycles.
Figure 2.8a shows the infrared spectra obtained for the 1st, 8th and 19th CFx deposition half-
cycle. In each case, the reference infrared spectrum was collected immediately prior to CFx film
deposition. As evident from the shape and intensity of the CFx (x = 1, 2, 3) stretching region
in Figure 2.8a, the deposited CFx layers are reproducible in both the bonding structure and the
thickness. We can conclude the latter since we already showed that the CFx film thickness scales
linearly with the integrated absorbance for the CFx (x = 1, 2, 3) stretching mode. The thickness
measurements from ellipsometry for the CFx deposition and Ar
+ ion bombardment steps are plotted
in Figure 2.8b. Similar to the infrared spectra in Figure 2.8a, the thickness for the CFx film
deposited during the 1st and 19th C4F8/Ar plasma half-cycles is nominally congruent, but the Ar
+
bombardment effect is vastly different. In the 1st cycle, 30 s of Ar+ bombardment etches SiO2
and removes the deposited CFx layer (green curve in Figure 2.8b). An additional 10 s of Ar
+
bombardment yields minimal change in the film thickness illustrating the point that the etch step
duration should be set to 30 s for the 1st Ar plasma half-cycle. However, when observing the etch
characteristics for the 19th Ar plasma half-cycle (red in Figure 2.8b) it is clear that 30 s of Ar+ ion
bombardment etches the film at a faster rate than the Ar+ bombardment half-cycle in the 1st step.
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Figure 2.7 Change in total film thickness obtained from 4-wavelength ellipsometry for 19 complete
ALE cycles. The inset shows an enlarged view for the CFx deposition (blue) and the Ar plasma
activation (red) steps for the 14th and 15th ALE cycles. In each deposition half-cycle, CFx was
deposited from a C4F8/Ar plasma for 2 s with a C4F8 flow rate of 3 sccm. The Ar plasma
activation step was 30 s with the thickness recorded after every 10 s.
In fact, by the 19th cycle it requires over 240 s of Ar+ bombardment for etching to stop. Thus,
the EPC in the ALE process continuously drifts, which defeats the ALE criterion of achieving a
constant and controlled EPC.
Since the deposited CFx layer is similar across the 19 half-cycles, the gradual increase in the
EPC must arise from another F radical source during the Ar plasma half-cycle. Other authors have
similarly reported a drift in the etch rate during continuous etching and in the EPC during ALE.
Using neutral and ion beam sources for etching, Butterbaugh et al. noted that compared to a clean
vacuum chamber, an increase in etch rate of SiO2 with time could be attributed to CFx build-up
in the ion gun.58 Metzler et al. studied ALE of SiO2 using C4F8/Ar and Ar plasma half-cycles,
and measured the etch rate from the slope of the curve for the thickness of CFx and SiO2 removed
measured by single-wavelength ellipsometry plotted as a function of the Ar plasma exposure time
during the Ar plasma half-cycle.78 These authors clearly observed an increase in the etch rate for a
∼13 Å CFx film as compared to ∼4 Å CFx film even though the net SiO2 etched was held constant
at one monolayer.78 The authors also attributed the increase in overall etch rate to the amount of
CFx available in the chamber due to the deposition of a thicker CFx film.
78 In our experiments, the
thickness of the CFx film deposited during the C4F8/Ar plasma step remained constant through
the 19 ALE cycles. At the start of the ALE process, the chamber was cleaned using the process
described in Section 2.3.1, (Reactor Pre-Clean, SiO2 Deposition and Post SiO2 Deposition Clean).
Therefore, it follows that a CFx film must gradually build-up on the reactor walls during each ALE
cycle due to more efficient removal of CFx from the substrate surface during the Ar plasma step
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compared to the surrounding walls: this CFx buildup over the course of the sequential ALE cycles
provides an additional source of F. Thus, the overall etching in the 19th Ar plasma half-cycle can
be divided into three regions: (a) F-rich regime, which corresponds to F available for etching both
from the CFx film on SiO2 and the CFx film in the chamber, (b) F-poor regime where the F source
is primarily the chamber walls, and (c) F-depleted regime where the F reservoir in the chamber is
completely exhausted.
Figure 2.8 (a) Infrared absorbance change during the 1st (green), 8th (black), 19th (red) CFx
deposition half-cycles shown in Figure 2.7. Each reference spectrum was recorded immediately
before the particular CFx deposition half-cycle. (b) Net thickness change for the film stack for the
1st (green), and 19th (red) ALE cycles. The Ar plasma step during the 1st (green) and the 19th
(red) half-cycles was prolonged until there was no change in film thickness.
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2.5 Conclusion
We combined in situ ATR-FTIR spectroscopy and in situ four-wavelength ellipsometry to study
the surface reactions during an ALE process consisting of C4F8/Ar plasma and Ar plasma half-
cycles. The C4F8/Ar plasma deposits a CFx film on the plasma-deposited SiO2 surface with the
formation of SiFx (x = 1, 2, 3) and C-O-Si species at the interface. The vibrational modes for these
interfacial species were only weakly detected for the thickest ∼21 Å CFx layer. We indirectly infer
that for a CFx thickness of ∼3.8 Å used in this ALE study, SiFx (x = 1, 2, 3) and C-O-Si species
must be present in a very thin mixing layer at the CFx film and SiO2 interface as SiO2 etching
was observed prior to any removal of the CFx film. This mixing layer is much thinner than that
observed in a continuous etching process as the CFx layer is periodically removed during each ALE
cycle. As the Ar+ bombardment continues, the CFx and SiO2 films are removed simultaneously
until all of the CFx film is removed from the surface. However, as illustrated in Figures 2.5 and
2.8b, SiO2 etching continues past the removal of the CFx film, which clearly indicates the presence
of a secondary supply of F from the chamber walls. This CFx buildup over multiple ALE cycles
causes an increase in the EPC with the number of ALE cycles. Our infrared spectra combined with
ellipsometry measurements clearly show that the process drift arises due to the Ar plasma step,
while the CFx deposition step remains reproducible. The drift in the EPC highlights the needs for
reproducible chamber wall conditions.
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CHAPTER 3
GAS PHASE ORGANIC FUNCTIONALIZATION
OF SIO2 WITH PROPANOYL CHLORIDE
Adapted from a paper published in Langmuir∗∗
Ryan J. Gasvoda,† Scott Wang,‡ Dennis M. Hausmann,††
Eric A. Hudson,‡,§ and Sumit Agarwal†,§
The previous chapter demonstrated ALE of SiO2 and that we can use in situ ATR-FTIR
spectroscopy and 4-wavelength ellipsometry to study and understand the surface phenomena during
ALE. As discussed heavily in Chapter 1, etching of SiO2, whether its RIE or ALE is only useful if it is
selective to another material such as SiNx. As described towards the tail end of Chapter 1, the main
goal of this thesis work is to develop a new and novel approach to increasing overall etch selectivity
in ALE. This approach is depicted as a cartoon in Figure 1.18 which shows our new method for
increasing overall etch selectivity. This is accomplished by selectively facilitating the formation of
blocking layer on the non-etch surface via surface functionalization with a hydrocarbon molecule.
By adding extra C in the form of a hydrocarbon to the surface, a graphitic hydrofluorocarbon film
will accumulate on the SiO2 surface. There are multiple constraints that must be addressed for
this process to have applications to semiconductor manufacturing including gas-phase attachment,
selective attachment to SiO2 over SiNx surfaces, and etch retardation (or enhancement). This
chapter only partially demonstrates the first requirement: functionalizing the SiO2 surface from
the gas-phase. Gas-phase surface functionalization is most compatible with current semiconductor
manufacturing toolsets, especially when compared to various solution methods which would require
a completely new and additional wafer processing tools and fab space. Although, functionalizing
a SiO2 surface with a hydrocarbon is not unique nor groundbreaking, this chapter focuses on
functionalizing SiO2 surfaces with propanoyl chloride. Through careful analysis of the infrared
spectra, it was determined that the surface functional groups present on the SiO2 surface after
functionalization is temperature dependent and therefore can be tuned for various end applications.
The specific details of this temperature dependent surface functionalization is covered in this chapter
and also schematically depicted in Figure A.2 which was the table of contents image when this work
was published. In this chapter, we also carefully test this attachment of propanoyl chloride to a
SiO2 surface followed by H2O exposure which would be common in various AS-ALD schemes. A
quantitative surface coverage calculation was performed, and an updated discussion of the actual
surface coverage using a more appropriate formula is discussed in Chapter 5.
∗∗Reprinted with permission of Langmuir, vol 34 (48), pp. 144489-14497 2018.
Copyright 2018 American Chemical Society
††Tualatin Office, Lam Research Corporation
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3.1 Abstract
The reaction mechanism of propanoyl chloride (C2H5COCl) with –SiOH terminated SiO2 films
was studied using in situ surface infrared spectroscopy. We show that this surface functionalization
reaction is temperature dependent. At 230 ◦C, C2H5COCl reacts with isolated surface –SiOH
groups to form the expected ester linkage. Surprisingly, as the temperature is lowered to 70 ◦C, the
ketone groups are transformed into the enol tautomer, but if the temperature is increased back to
the starting exposure temperature of 230 ◦C, the ketone tautomer is not recovered, indicating the
enol form is thermally stable over a wide range of temperatures. Further, the enol form is directly
formed after C2H5COCl exposure to a SiO2 surface at 70 ◦C. We speculate that the enol form,
which is normally energetically unfavorable, is stabilized due to hydrogen bonding with adjacent
enol groups or through hydrogen bonding with unreacted surface –SiOH groups. The surface
coverage of hydrocarbon molecules is calculated to be ∼6×1012 cm−2 assuming each reacted –SiOH
group contributes to one hydrocarbon linkage on the surface. At a substrate temperature of 70
◦C, the enol form is unreactive with H2O, and H2O molecules simply physisorb on the surface.
At higher temperatures, H2O converts the ketone to the enol tautomer, and reacts with Si-O-Si
bridges forming more –SiOH reactive sites. Overall hydrocarbon coverage on the surface can then
be further increased through cycling H2O and C2H5COCl doses.
3.2 Introduction
The functionalization of inorganic surfaces with organic linkages has applications in electronic
and optoelectronic device fabrication,171,172 tribology,173,174 biosensors,171,175,176 drug delivery,175
176 cosmetics,175,176 as well as paints and coatings.171 Surface functionalization of SiO2 with or-
ganic molecules is one of the most commonly studied examples of organic functionalization of an
inorganic surface. The functionality of covalently-bonded organic layers on SiO2 and other sur-
faces, also referred to as self-assembled monolayers (SAMs), can be tuned for specific applications.
In particular, SAMs have been demonstrated as blocking layers to inhibit vapor-phase growth,
which in turn can enable area selective growth techniques.4,177–182 Among the different selective
growth methods, area-selective atomic layer deposition (ALD) has the potential to address pro-
cessing challenges in future semiconductor device manufacturing through selective growth based on
tailoring the substrate reactivity.4 In area-selective ALD, a thin film is selectively deposited onto
a chemically patterned substrate.4 In an ideal case, an organic precursor can be carefully chosen
to react selectively with specific functional groups on the material, thus resulting in a substrate
patterned with organic linkages. In the most idealized cases, a film can then be grown by ALD
solely on the uncapped portion, since the surface ligand has an end group that does not react with
the ALD precursors.4 To date, most of the studies on surface functionalization of SiO2 are through
the solution phase.183,184 To make this area-selective ALD approach more compatible with current
semiconductor manufacturing techniques, gas-phase functionalization of inorganic surfaces such as
SiO2 with organic molecules is highly desirable.
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Most precursors that are used to create organic linkages on inorganic surfaces consist of two
or three distinct groups: a reactive head group, a hydrocarbon backbone, and in some cases a
functional end group.172,181,182,185 In most cases, a self-limiting reaction of the head group of the
hydrocarbon molecule with the surface functional group is desired. The end application of the
organically-functionalized surface is strongly determined by the structure of the backbone, which
determines the packing density, and the reactivity of the functional end group. For a self-limiting
reaction of the hydrocarbon molecule, the selection of the reactive head group is limited by the
constraint of reactivity with the functional group on the inorganic surface. To achieve gas phase
organic functionalization of SiO2, which is primarily terminated with –SiOH groups, the head group
of the organic precursor must react with the surface –SiOH groups in a self limiting manner at low
doses (∼1 Torr·s) and low substrate temperatures (<200 ◦C): at temperatures greater than 250
◦C,186–188 the SiO2 surface starts to lose the reactive –SiOH groups through dehydroxylation, which
will in turn lower the surface hydrocarbon coverage.
There are a wide range of hydrocarbon molecules with different head groups that have been
used to functionalize SiO2 surfaces using solution-based methods.
183,184 Among these, silane deriva-
tives including alkoxysilanes and chlorosilanes are the most widely studied group of precursors
for surface functionalization of SiO2, where reaction has also been demonstrated from the gas
phase.4,180–182,189–192 Tetraethoxysilane (TEOS) is the most commonly used alkoxysilane for reac-
tion with SiO2 surfaces for sol-gel growth in acidic or basic solutions.
193 Similar to solution chem-
istry, gas-phase reaction of TEOS with surface –SiOH groups at ≤150 ◦C, requires the presence of
a catalyst such as NH3.
193,194 For this reason, alkoxysilanes are not considered as viable precursors
for gas phase functionalization of SiO2 surfaces. 3-aminopropyltriethoxysilane (APTES), which is
a TEOS derivative, has been shown to react with a SiO2 surface directly from the gas-phase. It has
been proposed that the amine-terminated alkyl group in APTES self-catalyzes the surface reaction
of the alkoxy groups via hydrogen bonding between –NH2 and surface –SiOH groups.
190,195–199
However, APTES and similar self-catalyzing molecules leave the SiO2 surface functionalized with
an –NH2 end group: this surface termination can limit the overall utility of TEOS derivatives.
Other similar alkoxysilane molecules with fluorocarbon or hydrocarbon ligands in place of the
aminopropyl group have been tested for gas-phase functionalization of SiO2. However, from the
gas phase, most alkoxysilanes require exposure times that are on the order of hours to fully react
with the –SiOH terminated surface.181,182,193,199–201 Chlorosilanes such as octadecyltrichlorosilane
(ODTS) have been shown to react with a –SiOH terminated SiO2 surface with HCl as the byprod-
uct.181,182 However, most of these experiments have been conducted in solution, and the reaction
requires a catalyst such as H2O.
181,182 The reaction of chlorosilanes from the gas phase with surface
–SiOH groups also requires a catalyst such as NH3 or H2O.
202,203 Therefore, to lower the processing
time, a hydrocarbon precursor is needed that readily reacts with –SiOH in a gas solid heterogenous
reaction in a self-limiting manner without the need of a catalyst.
Acid chlorides are known to readily react at low temperatures with alcohols to form an ester
linkage without a catalyst.185,204,205 In fact, a previous study on surface functionalization of scribed
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crystalline-Si in a liquid processing environment showed that acid chlorides readily react with
surface –SiH and –SiOH groups in a self limiting manner.185 In molecular layer deposition, acid
chlorides have been shown to react with surface –NH2 and –OH groups through the gas phase.
204–210
In this study, we report on the reaction of propanoyl chloride (C2H5COCl) from the gas phase
with an –SiOH terminated SiO2 surface using in situ attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy. In particular, we report on the unexpected dependence of these
surface reactions on the SiO2 substrate temperature. We also show through cycling C2H5COCl
and H2O exposures, the overall hydrocarbon coverage could be increased by a factor of ∼2.25 as
compared to a single dose of C2H5COCl.
3.3 Experimental Section - Surface Analysis Chamber with In Situ ATR-FTIR Spec-
troscopy Setup
Figure 3.1 shows the top view of the surface analysis chamber equipped with an inductively-
coupled plasma source and an in situ ATR-FTIR spectroscopy setup. Prior to any experiment, the
vacuum chamber was evacuated to a base pressure of ∼1 × 10−7 Torr with a turbomolecular pump
connected in series with a mechanical pump. The chamber was equipped with an inductively-
coupled plasma source consisting of a 3.2 mm outer diameter (OD) copper tube helically-coiled
around a 2.5 cm OD quartz tube. Radio frequency (rf) power at 13.56 MHz was supplied to the
helical Cu coil through a matching network. To prevent any rf-induced heating, the Cu coil was
cooled by circulating water through the tube. The gas flow rates into the chamber were set using
mass flow controllers, and the gases were directed into the chamber through pneumatically actuated
valves that were operated via LabVIEW (see Figure 3.1).
Figure 3.1 Schematic of the inductively coupled plasma reactor equipped with an in situ ATR-FTIR
spectroscopy setup.
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The in situ ATR-FTIR spectroscopy setup been described in detail in previous publications.84
211 Briefly, in this setup, SiO2 was plasma-deposited onto a trapezoidal 50 × 20 × 1 mm ZnSe
internal reflection crystals (IRC) with the short face beveled at 45◦.149,150,212,213 The IRC was
clamped onto a temperature-controlled resistive heater. An infrared beam from a commercial
FTIR spectrometer (Nicolet 6700) was directed through a KBr window, and focused onto the short
face of the ZnSe IRC. Since the beam was incident onto the flat face of the IRC at 45◦, which
is greater than the critical angle for total internal reflection, the infrared beam underwent ∼25
internal reflections on each flat face of the IRC. After exiting the IRC and the chamber window
(KBr), the beam was directed into a liquid-N2-cooled MCT/A detector (see Figure 3.1). ZnSe was
used as the IRC since it is transparent in the infrared from 650 – 4000 cm−1, which allowed us
to monitor most of the relevant vibrational modes and identify the reactions of C2H5COCl with
a –SiOH-terminated SiO2 surface. All spectra were recorded with a resolution of 4 cm
−1, and
averaged over 300 scans. For each infrared spectrum, the relevant background spectrum and the
substrate temperature are specified in the text and the figure captions.
3.3.1 Reactor Pre-Clean and SiO2 Deposition
Prior to each experiment, the ZnSe IRC and reactor were cleaned using an Ar/SF6/O2 plasma
operated at 200 W for 25 min with flow rates set at 25 standard cm3/min (sccm) Ar, 7 sccm
SF6, and 5 sccm O2. The chamber pressure during plasma cleaning was ∼10 mTorr. During the
cleaning process, the ZnSe IRC was kept at 30 ◦C to prevent atomic F generated in the plasma from
etching and roughening the ZnSe IRC. After reactor cleaning, a SiO2 film was plasma deposited at
a substrate temperature of 230 ◦C using 100 sccm of SiH4/Ar mix (1% SiH4 in Ar), 100 sccm of Ar,
and 5 sccm of O2 resulting in a chamber pressure of ∼440 mTorr. The plasma was rf-powered at
100 W. Ar and O2 were introduced into the reactor via the quartz tube while SiH4 was introduced
through a port in the bottom of the reactor to minimize SiO2 deposition in the quartz tube (see
Figure 3.1). Spectroscopic ellipsometry (Woollam, M-44) data fitted with a Cauchy model showed
that the SiO2 thickness was ∼15 nm with a refractive index of 1.46.
3.3.2 C2H5COCl and H2O Exposure
C2H5COCl (Sigma Aldrich synthesis grade) was introduced into the reactor through a vapor
draw, fill, and release method (see Figure 3.1). Prior to C2H5COCl dosing, the isolation valve to
the chamber’s pumping port was closed. For each dose, the fill valve was opened for 2 s. The fill
volume was then released into the chamber by opening the release valve for 5 s. The fill and release
process was repeated five times resulting in a chamber pressure of ∼230 mTorr. The chamber
remained closed for an additional 30 s leading to a C2H5COCl dose of ∼7 Torr·s. H2O was also
delivered into the chamber via a vapor draw, fill, and release method. The H2O delivery method
resulted in a chamber pressure of ∼200 mTorr with the chamber closed for an additional 30 s,
providing a total H2O dose of ∼6 Torr·s. After dosing, the chamber was purged with 25 sccm of
Ar for 60 s at a pressure of ∼130 mTorr. Prior to collection of the infrared spectra, the chamber
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was pumped down to base pressure through the turbomolecular pump.
3.4 Results and Discussion - Characterization of the Plasma-Deposited SiO2 Surface
The infrared spectra of a typical plasma-deposited SiO2 film are shown in Figure 3.2. The SiO2
film was deposited on a bare ZnSe IRC in three sequential 20-s steps. Prior to each deposition
step, a reference spectrum was recorded. Thus, the first spectrum represents the surface and
bulk vibrational modes. The second and third spectra represent only the bulk vibrational modes
assuming that the surface remains unchanged after the first 20-s deposition step because the surface
modes are cancelled out as the reference spectrum contains contributions form an identical surface.
Since the infrared spectra recorded for the second and third deposition steps look almost identical,
this confirms that the SiO2 deposition rate and film composition was the same after initial deposition
on the bare ZnSe surface. The infrared spectra in Figure 3.2 contain four distinct features (see
Figure 3.2): a transverse optical asymmetric Si-O-Si phonon mode at ∼1045 cm−1, a longitudinal
optical asymmetric Si-O-Si phonon mode observed as a shoulder at ∼1255 cm−1, a symmetric Si-
O-Si phonon mode at ∼810 cm−1,165–168 and an additional broad band in the ∼3600 cm−1 region,
which corresponds to hydroxyl stretching vibrations for both hydrogen-bonded and isolated –SiOH
species.165–168,214–217 Thus, these spectra confirm that the plasma-deposited SiO2 films used in this
study are similar to those reported previously.167,168,194,215,217
Figure 3.2 Infrared spectra of a SiO2 film after three sequential 20-s SiH4/O2/Ar plasma deposition
steps. The spectra in black, blue, and red correspond to the first, second, and third deposition
steps, respectively. The reference background for each spectrum was collected directly before each
sequential plasma deposition step. The inset shows a zoomed in view of the 3000 – 4000 cm−1
region showing the stretching modes for the hydrogen bonded and isolated –SiOH species.
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The inset spectrum in Figure 3.2 for the initial deposition of SiO2 onto the bare ZnSe IRC shows
two distinct features in the hydroxyl region: a very broad hydrogen-bonded –SiOH band over the
range of ∼3400–3700 cm−1 and isolated –SiOH groups at ∼3750 cm−1.166,214,215,218–225 However,
as the deposition of SiO2 is continued on top of the first film, the infrared spectra referenced to
the SiO2-coated ZnSe IRC only show an increase in absorbance related to hydrogen bonded –SiOH
groups (blue and red spectra in the inset in Figure 3.2). In addition, the absorbance for hydrogen
bonded –SiOH groups is nearly the same in all three spectra, which indicates that these –SiOH
groups are almost entirely embedded in the SiO2 bulk, and only a small fraction may be present
on the top surface.
3.4.1 C2H5COCl Reaction Mechanism
Figure 3.3a shows the infrared absorbance change for the reaction of C2H5COCl with the SiO2
surface at three different temperatures: 70, 150, and 230 ◦C. A background spectrum was collected
immediately prior to exposure of the –SiOH terminated surface to C2H5COCl. Therefore, any
increase in absorbance indicates freshly absorbed species and any decrease in absorbance indicates
the reaction or removal of surface species. Each spectrum shows a similar decrease at ∼3750 cm−1,
which indicates the removal of isolated –SiOH species from the surface.194,214,215 Since this is the
only observable decrease in the infrared spectra at all three temperatures, it follows that C2H5COCl
reacts with isolated –SiOH species on the surface. Thus, this also confirms that the surface is
covered primarily with isolated –SiOH species with minimal hydrogen-bonded –SiOH groups.217 It is
expected that –SiOH groups react with C2H5COCl to form ester linkages (Si-O-(C=O)-C2H5) with
HCl released as the gaseous byproduct. Comparison of the integrated absorbance for the isolated
–SiOH feature at ∼3750 cm−1 in the three spectra indicates that the number of –SiOH species that
reacted with C2H5COCl is not a function of temperature, i.e., the surface hydrocarbon coverage
should not be temperature dependent over the range of 70–230 ◦C. However, absorbance changes in
the 2800 – 3000 cm−1 region, which are attributed to –CHx (x = 1, 2, 3) asymmetric and symmetric
stretching vibrations appear slightly different based on the substrate temperature.194,226–228 Figure
3.3b shows the zoomed in view of the 650 – 2000 cm−1 region of the infrared spectra shown in Figure
3.3a. All three spectra show common features related to: –CH3 rocking and deformation modes
at ∼955 and ∼1480 cm−1, respectively;193,194,199,228,229 CHx (x = 2, 3) deformation modes in the
1310 – 1450 cm−1 region;228 and a strong feature at ∼1060 cm−1, which most likely corresponds
to C-O vibrations on the surface.61,62 The increase in absorbance for the above features, coupled
with the decrease at ∼3750 cm−1 conclusively show that C2H5COCl reacts with the isolated –SiOH
terminated surface leaving behind a hydrocarbon-functionalized surface, but the differences in the
spectral features also indicates that the surface bonding configuration is strongly temperature
dependent.
Since the reaction of C2H5COCl with surface –SiOH groups is expected to create ester linkages
(Si-O-(C=O)-C2H5), we would expect to see a strong band at ∼1765 cm
−1 corresponding to the
carbonyl (C=O) stretching vibrations.205,207,210 However, only the infrared spectrum recorded at
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Figure 3.3 (a) Infrared absorbance change recorded after exposure of plasma deposited SiO2 surface
to C2H5COCl at 70, 150, 230
◦C. In each case, the reference spectrum corresponds to the underlying
SiO2 film and ZnSe IRC. (b) Zoomed in view of the 650 – 2000 cm
−1 region of the infrared spectra
in Figure 3.3a.
230 ◦C shows a strong band at ∼1765 cm−1. Interestingly, each spectrum shows a strong and sharp
feature ∼1545 cm−1, which can be attributed to stretching vibrations in conjugated carbon, –C≃C–
bonds,151,194,230,231 which would not be expected on the surface for this reaction. In addition, the
spectrum recorded at 70 ◦C clearly indicates the presence of a shoulder at ∼1630 cm−1, which
corresponds to the C≃O stretching mode in a –C≃C≃O bonding configuration,199,232 which when
coupled with the conjugated carbon feature indicates that a keto-to-enol tautomerization233 occurs
on the surface at lower substrate temperatures (see Figure 3.4).
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Figure 3.4 (a) Reaction schematic of the keto-to-enol tautomerization of acetone. The primary
form of acetone is the keto tautomer. (b) Reaction schematic of pentane-2,4-dione tautomerization
to the enol form. The enol form is energetically more favorable than the keto tautomer due to
hydrogen bonding and resonance stabilization.
It is well know that in solution, acetone does not readily undergo a keto to-enol tautomerization
reaction (see Figure 3.4a), and over 99% of the acetone molecules remain in the energetically
more favorable ketone form.233 However, a diketone molecule such as pentane-2,4-dione (see Figure
3.4b) will undergo a keto-to-enol tautomerization reaction in solution since the enol tautomer is
stabilized through hydrogen bonding and resonance structures.233 Thus, at first glance a keto-to-
enol tautomerization seems unlikely since the surface ester Si-(C=O)-C2H5 has a single carbonyl
group. To explain this unexpected keto-to-enol tautomerization, we propose (see Figure 3.5a)
that similar to a diketone, either the enol form Si-O-(C-OH)≃CH-CH3 hydrogen bonds with an
unreacted neighboring –SiOH group, or adjacent enols (see Figure 3.5). The first scenario is likely
if a significant number of unreacted –SiOH groups remain on the surface after C2H5COCl exposure.
The second scenario is much more likely if the surface hydrocarbon coverage is high (see Figure
3.5b). Regardless of the exact enol stabilization path, both reaction schemes account for the lack
of the C=O vibrational mode for reaction of C2H5COCl with surface –SiOH groups at 70
◦C (see
Figure 3.3), and the presence of –C≃C– and –C≃C≃O vibrational modes at ∼1545 and ∼1630
cm−1, respectively.
To prove that the surface undergoes a keto-to-enol tautomerization reaction, we performed an ex-
periment where the temperature of the substrate was lowered in 15 ◦C increments after C2H5COCl
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Figure 3.5 Reaction schematic of the keto-enol tautomerization and enol stabilization through
hydrogen bonding with (a) adjacent silanol groups and (b) adjacent enols.
exposure of the SiO2 surface at 230
◦C. Infrared spectra were recorded as the temperature was
lowered, and each spectrum was referenced to the starting SiO2 surface prior to C2H5COCl ex-
posure. Figure 3.6 shows the integrated absorbance for the C=O stretching vibration at different
temperatures normalized with integrated absorbance at 230 ◦C, and plotted as a function of the
substrate temperature. The normalized integrated absorbance of the ∼1765 cm−1 feature decreases
with temperature until it is essentially absent from the infrared spectra. This results in a surface
that is very similar to that obtained after direct exposure of a –SiOH-terminated SiO2 surface to
C2H5COCl at a temperature of 70
◦C. However, if the temperature is ramped back up to the start-
ing temperature of 230 ◦C, the C=O peak does not reappear indicating that once the enol tautomer
is formed, this configuration is “locked in” and does not change under further temperature cycling.
This locked in behavior is also observed in an experiment where no changes were observed in the
infrared spectra after C2H5COCl exposure at 70
◦C followed by a temperature ramp to 230 ◦C.
Lastly, we note that at every temperature, the surface is stable. Therefore, the spectra in Figure
3.3 demonstrate that the surface functionalization can be controlled through temperature since the
C=O stretching vibration is only present at higher temperatures.
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Figure 3.6 Integrated absorbance for the C=O stretching vibration at ∼1765 cm−1 as a function of
decreasing substrate temperature.
3.4.2 Surface Coverage
For C2H5COCl to function as a protective capping layer for applications such as selective ALD,
the surface coverage should be high.4,181,182 However, using infrared spectroscopy, the exact surface
coverage is difficult to obtain due to the lack of availability of accurate infrared absorption cross-
section for various surface vibrational modes combined with the fact that these vibrational modes
often overlap with each other. For example, the surface coverage after C2H5COCl attachment to
surface –SiOH groups could be estimated by determining the surface density of –CH3 end groups.
However, the estimated cross section for the –CH3 asymmetric stretching vibration at 2995 cm
−1
is extremely low, 3.32 × 10−20 cm2,224 and the peak position overlaps with other –CHx (x =
1, 2, 3) stretching vibrations in that region.194,226–228 Therefore, in this case, we calculated the
number density of the reacted –SiOH groups in place of the –CH3 groups on the surface. We
assume that each isolated –SiOH surface group reacts with a one C2H5COCl molecule. Heilweil et
al. reported that the maximum density of isolated –OH groups on a fumed SiO2 surface is 4 per
100 Å2 or ∼4.0 × 1014 cm−2.216 In the infrared spectra shown in Figure 3.3a we had identified
that the decrease in absorbance at ∼3750 cm−1 was due to isolated surface –SiOH groups reacting
with C2H5COCl. Therefore, the theoretical maximum surface density of reacted C2H5COCl on
the surface is ∼4.0 × 1014 cm−2. This analysis also assumes that a single monolayer exists on
the surface with no physisorption. The surface hydrocarbon coverage can be determined from the





where ν (cm−1) is the vibrational frequency of the isolated –SiOH groups, |A′(ν)| (cm−1) is the
change in the integrated absorbance of the isolated –SiOH feature due to reaction with C2H5COCl,
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σSiOH is the corresponding infrared absorption cross section (cm
2), and NR (= 25) is the number
of internal reflections on the top face of the ZnSe IRC.
The infrared absorption cross section for isolated –SiOH species at ∼3750 cm−1 remains a
point of contention in the peer reviewed literature.215,216,221,223,224,237 In Figures 3.2 and 3.3a, it is
evident that there is a “tail” in the infrared feature for isolated –SiOH groups, which can indicate
the contribution of weakly hydrogen-bonded –SiOH groups in the isolated –SiOH stretching region.
With the above in mind, McDonald224 and Heilweil et al.216 determined the cross section for
isolated –SiOH species as 105 cm2/mole (= 1.7 × 10−19 cm2) and 2.2 × 10−19 cm2, respectively.
Using the cross section obtained by Heilweil et al., we calculated the surface density of the isolated
–SiOH groups that reacted with C2H5COCl molecules to be ∼6 × 1012 cm−2. This is an extremely
small fraction of the theoretical maximum value of 4.0 × 1014 cm−2, which indicates our plasma-
deposited SiO2 film has low –SiOH coverage. Additionally, by taking the ratio of the peak intensity
of isolated –SiOH groups in Figure 3.3a with that of the peak intensity of the isolated –SiOH
in Figure 3.2, we conclude that almost all of the surface –SiOH groups reacted with C2H5COCl.
Therefore, even though the overall surface coverage in our experiments is low, ∼6× 1012 cm−2, a
higher surface coverage can be obtained for SiO2 surfaces with a higher density of isolated –SiOH
groups. We speculate that ultimately surface coverage will be determined by steric hindrance.
3.4.3 Effect of H2O Exposure
For application of C2H5COCl to create SAMs on SiO2 for certain application such as a blocking
layer for a H2O-based selective ALD process, the grafted hydrocarbon needs to be resistant to H2O
exposure.3,4 Figure 3.7a shows the infrared absorbance spectra for SiO2 exposure to C2H5COCl at
70 ◦C followed by a H2O dose, also at 70
◦C. It is clearly evident in Figure 3.7a that the surface
hydrocarbon coverage, as indicated by the intensity of the –CHx stretching vibrations, remains
nearly the same. The increase in absorbance at ∼3210 cm−1 corresponds to physisorbed H2O onto
the surface.167,168,238 Figure 3.7b shows the infrared spectra recorded before and after H2O vapor
exposure of the C2H5COCl exposed SiO2 surface at 230
◦C. A comparison of the infrared spectra in
Figure 3.7b clearly shows that at this higher temperature, reaction with H2O modifies the surface
functionalization. A large and broad increase is observed from ∼3400 – 3600 cm−1 indicating that
Si-O-Si linkages on the SiO2 surface react with H2O to form hydrogen-bonded –SiOH groups.
167,168
The change in absorbance in the ∼1070 cm−1 region, which corresponds to the Si-O-Si phonon
band, further confirms that H2O vapor reacts with the underlying SiO2 film. Interestingly, the
C=O band at ∼1765 cm−1 completely disappears after exposure to H2O due to the keto-to-enol
tautomerization discussed above and shown in Figure 3.5. The keto-to-enol tautomerization after
exposure to H2O indicates either the additional –SiOH groups or the physisorbed H2O on the surface
facilitates hydrogen-bonded resonance stabilization with adjacent ketones, leading to the formation
of the enol tautomer. For clarity, the difference spectrum for H2O exposure to the C2H5COCl/SiO2
surface is shown in Figure B.1 for both cases: 70 and 230◦C.
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Figure 3.7 Infrared absorbance change due to exposure of an –SiOH terminated SiO2 surface to
C2H5COCl (black) followed by exposure to H2O (red) at (a) 70 and (b) 230
◦C. The reference
infrared spectrum in each case corresponds to the ZnSe IRC coated with the SiO2 film.
Since H2O reacts with the Si-O-Si linkages to form two additional –SiOH groups, it follows
that subsequent exposure of the SiO2 surface to C2H5COCl will lead to a higher hydrocarbon
concentration. Figure 3.8 shows the infrared absorbance spectra recorded for cyclic exposure to
C2H5COCl and H2O at 230
◦C. The reference spectrum was collected prior to the first C2H5COCl
dose. In the first cycle, as described above, H2O initiates the keto-to-enol tautomerization of the
surface hydrocarbons. Since there is change in intensity of the different vibrational modes, we
used the spectrum in red (Figure 3.7b) after H2O exposure as the baseline for quantification of
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additional hydrocarbon coverage introduced in the subsequent cycles. Through cycling C2H5COCl
and H2O five times, an overall intensity of the conjugated carbon peak increased by a factor of
∼2.25 compared to the baseline (see Figure 3.8). The inset in Figure 3.8 shows that an increase in
absorbance in the –CHx (x = 1, 2, 3) stretching region after the fifth C2H5COCl dose as compared to
the 1st dose. We also note that hydrocarbon uptake on the surface diminishes with each increasing
cycle number with most of the hydrocarbon grafted on the surface during the first two C2H5COCl
cycles. Finally, even though surface coverage can be increased by a factor of ∼2.25 via the cyclic
dosing of C2H5COCl and H2O, a much higher surface coverage is necessary for growth inhibition
in a selective deposition process. Therefore, to increase surface coverage, the number of reactive
–SiOH groups on the SiO2 must be increased through various surface preparation strategies such
as a liquid H2O soak, H2O/Ar plasma exposure, or a H2/Ar plasma.
4,181,239 We speculate that by
creating a high density organic layer on the SiO2 surface through C2H5COCl exposure can lead to
dense SAMs that can be used as blocking layers for selective ALD processes.
Figure 3.8 Infrared absorbance change for the 1st and 5th C2H5COCl dose in a cyclic process
consisting of C2H5COCl followed by H2O exposure at a substrate temperature of 230
◦C. The
reference spectrum in each case corresponds to the underlying SiO2 film and ZnSe IRC. The inset
shows a magnified view of the –CHx (x = 1, 2, 3) stretching region showing more hydrocarbon on
the surface after the 5th C2H5COCl dose (green) vs the 1st C2H5COCl dose (black).
3.5 Summary and Conclusions
We used in situ ATR-FTIR spectroscopy to determine the reaction mechanism of C2H5COCl
with a –SiOH terminated SiO2 surface. At a surface temperature of 230
◦C, infrared spectra
recorded after reaction of C2H5COCl with isolated –SiOH groups show that both C=O and
–C≃C≃O linkages are present on the surface. While the ester linkage is expected, we attribute the
presence of –C≃C≃O bonds to the keto-to-enol tautomerization reaction. However, as the reaction
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temperature is lowered to 70 ◦C, the ketone form no longer exists on the surface and is completely
converted to the enol tautomer. We attribute this tautomerization to hydrogen bonding of the enol
form to surface –SiOH groups or with enol bonds in adjacent hydrocarbon linkages. Using previ-
ously reported infrared absorbance cross sections for isolated –SiOH groups, the surface coverage
was estimated to be ∼6 × 1012 cm−2, which could be increased by a factor of ∼2.25 by cycling
C2H5COCl and H2O doses.
3.6 Acknowledgements
The authors would like to thank the Lam Research Corporation for funding this work.
68
CHAPTER 4
SURFACE PRE-FUNCTIONALIZATION OF SIO2 TO MODIFY THE ETCH PER CYCLE
DURING PLASMA-ASSISSTED ATOMIC LAYER ETCHING
Adapted from a paper published in Journal of Vacuum Science and Technology‡‡
Ryan J. Gasvoda,† Yuri G.P. Verstappen,‖ Scott Wang,‡
Eric A. Hudson,‡§ and Sumit Agarwal†,§
Over the last two chapters, we have developed an ALE process that etches SiO2 in a con-
trolled manner with atomic-scale precision and carefully studied the functionalization of SiO2 from
the gas phase using a test molecule, propanoyl chloride. Although the attachment of propanoyl
chloride to SiO2 was demonstrated, it is not suitable for the processed hypothesized in Figure
1.18. Ideally, this molecule would be selective and comprised of only H, C, N, O, F, and Si which
are all atoms already inherent to the etch process. However, this selective gas-phase attachment
constraint is extremely difficult to satisfy due to the similar reactivity of the SiO2 and SiNx sur-
faces. In fact, the same Si ALD precursor (a common aminosilane) is used to grow both SiO2 and
SiNx, albeit at different substrate temperatures. Due to these difficulties in identifying selective
molecules from the gas-phase, this chapter simply demonstrates that adding a hydrocarbon to the
SiO2 surface prior to the start of ALE leads to an etch reduction. This is shown as step 2 of devel-
oping the selective ALE process described in Figure 1.18. We use a model hydrocarbon molecule,
bis(dimethylamino)dimethylsilane, which readily reacts with the SiO2 surface to terminate the SiO2
surface with –CH3 groups. Note, this aminosilane also readily reacts with the SiNx surface, thus
no overall etch selectivity is discussed in this chapter. This extra C on the SiO2 surface prevents
complete activation of the deposited CFx film, thus leading to less SiO2 etching over multiple cy-
cles. In later cycles, this extra carbon leads to a graphitic hydrofluorocarbon film that completely
prevents etching of the underlying SiO2. This chapter and published paper explores in detail the
etch mechanisms during ALE of a hydrocarbon-functionalized SiO2 surface with comparison to
etching on a bare SiO2 surface. We show that it takes just a few ALE cycles (<3) to completely
inhibit all SiO2 etching. Further, the composition and thickness of the graphitic hydrofluorocarbon
film and the covalently bonded mixing layer is explored in detail using an O2 plasma etchback.
Later, we show that the composition and thickness of the CFx film changes as a function of the
effective deposition surface (SiO2 vs. CxFy-SiO2) and specifically how this change can aide in the
accumulation of the protective and etch inhibiting graphitic hydrofluorocarbon film. This learning
can then be applied to a selective ALE process once molecules that selectively attach are identified.
That identification is in the next chapter.
‡‡Reprinted with permission of J. Vac. Sci. Technol. A, vol 37 (5), pp. 051003 2019.
Copyright 2019 American Vacuum Society
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4.1 Abstract
We show that organic functionalization of a SiO2 surface can be used to controllably alter
the etch per cycle (EPC) during plasma assisted atomic layer etching (ALE). The ALE process
consisted of two half-cycles: CFx film deposition from a C4F8/Ar plasma, and an Ar plasma
activation step. The surface reactions, composition, as well as film thickness were monitored using
in situ surface infrared spectroscopy combined with in situ 4-wavelength ellipsometry. The SiO2
surface was pre functionalized with bisdimethyl(dimethylamino)silane, which reacted with surface
–SiOH groups in a self limiting heterogeneous gas-solid reaction. After this reaction, the SiO2
surface was functionalized with Si-CH3 groups. ALE was performed on both as deposited and
functionalized SiO2 surfaces. Analysis of the infrared spectra after 7 sequential ALE cycles on a
bare SiO2 sample showed no accumulation of graphitic carbon on the SiO2 surface, and thickness
measurements showed a net etch of ∼1.8 nm of SiO2. On the other hand, infrared spectra after
7 sequential ALE cycles on the organically functionalized SiO2 surface clearly showed a buildup
of graphitic hydrofluorocarbon on the surface. This graphitic hydrofluorocarbon film accumulated
during each cycle, and that after 4 cycles drastically reduced etching of SiO2 in later cycles. The
overall etching of SiO2 after 7 cycles was ∼1.0 nm. The infrared spectrum of this accumulation
layer also shows intense Si-O-C and SiFx (x = 1, 2, 3) stretching vibrations, but CFx deposition on
bare SiO2 shows weak intensity for the same features. Detailed analysis shows that the interface
between the CFx and SiO2 is atomically abrupt during ALE of bare SiO2, but has a high degree of
mixing and covalent bonding in the etch inhibiting graphitic fluorocarbon film that forms on the
–CH3 functionalized SiO2 surface.
4.2 Introduction
The sub-7-nm semiconductor processing node presents an array of complex challenges in man-
ufacturing due to a wide variety of new materials and architectures being incorporated into novel
devices. To meet the continuously decreasing critical dimensions and margins of error, significant
constraints are placed on conventional patterning techniques.6–8,55 Atomic layer etching (ALE) is
a promising technique to meet the most challenging constraints of the sub-7-nm node and beyond.
ALE has been realized for a wide variety of materials including but not limited to Al2O3, HfO2,
Si, SiNx, and SiO2 and is broadly categorized into two categories: thermal and plasma assisted
ALE.7,32,240 Thermal ALE processes typically etch a material isotropically in self-limiting thermal
reactions.32 On the other hand, in plasma assisted ALE a plasma is used in one or both half-cycles
to enable anisotropic etching.7
SiO2 is a widely used dielectric in semiconductor manufacturing as a hard mask, sidewall spacer
and trench liner. As each of these applications requires patterning at the nanoscale, it is especially
important to develop ALE of SiO2. A two step ALE process for SiO2 consisting of fluorocarbon
(CFx) deposition followed by energetic Ar
+ ion bombardment was first predicted by Rauf et al. and
Agarwal et al. using molecular dynamic (MD) and Monte Carlo (MC) simulations, respectively.76,77
Later, Metzler et al. experimentally demonstrated the ALE of SiO2 using a C4F8/Ar plasma
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followed by an Ar plasma.78 Interestingly, such ALE processes eliminate the synergistic radical-
and ion-assisted effect during plasma etching17 by physically separating the etchant (CFx) from the
ion bombardment step (also referred to as the activation step) into two separate half-cycles.7,8,77,86
Further, in continuous etching, the ion and neutral radical flux are linked through the same electron
energy distribution function, but the two separate plasma conditions for deposition and activation
in ALE allows for independent tuning, and tailoring of process parameters for specific materials
and geometries.7,77,241
In plasma-assisted ALE of SiO2, the fluorocarbon plasma half-cycle deposits a polymeric CFx
film on the surface. Previous studies using in situ x-ray photoelectron spectroscopy (XPS) show
that the fluorocarbon film covalently bonds with the underlying SiO2 film at the interface forming
C-O-Si and SiFx (x = 1, 2, 3) species.
78,103 MC simulations also predict the presence of covalent
bonding between the CFx and SiO2 films, which Huard et al. referred to as a “selvedge layer”.
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In situ infrared studies further show that the mixing layer (covalent bonding between the CFx film
and underlying SiO2) at the CFx-SiO2 interface is atomically abrupt during ALE in comparison to
continuous etching.84 By controlling the degree of covalent bonding between the CFx and SiO2 films
at the interface, the overall process synergy86 is enhanced, which is necessary for operation in an
increasingly narrow operating window.84,86 Thus, ALE of SiO2 is made possible by (a) separating
fluorocarbon deposition from Ar+ bombardment in the form of two half-cycles; (b) ensuring an
atomically abrupt mixing layer exists at the CFx-SiO2 interface; and (c) almost complete removal
of the entire CFx film in every ALE cycle with a low ion energy Ar plasma.
78,84,103
In an ideal ALE process based on CFx deposition, after one complete ALE cycle, the SiO2
surface should be free of CFx or any residual carbon. Metzler et al., showed that this is not
the case, and an extremely thin C-rich layer remains on the surface after the Ar plasma half-
cycle.78 Furthermore, the authors showed through an analysis of the XPS spectra that the CFx
layer was defluorinated after the Ar half-cycle with only a carbon residue on the surface. This
observation is consistent with predictions from both MC and MD simulations.51,76,77,82,83 Using in
situ surface infrared spectroscopy, we previously showed that in this ALE process, no conjugated
carbon accumulates on the SiO2 surface within the sensitivity of our measurements.
84 However,
using a 130 eV Ar plasma beam from an inductively-coupled Ar plasma and in situ surface analysis
via XPS, Economou and coworkers showed a ∼2 Å residue on the SiO2 surface at the conclusion of
the cycle, but also showed that this residue did not lead to an etch stop.25 The SiO2 surface can be
cleaned of a C residue using a variety of methods including bleeding in O2 during the Ar plasma
activation step, replacing the Ar plasma with an O2 plasma activation step, or instituting an O2
plasma clean at the conclusion of some specified number of cycles.25,101,114 Using an O2 plasma
after a certain number of ALE cycles has the additional benefit of removing any CFx deposits on
the reactor walls which can limit any drifts in the EPC.25,84,101,114 Regardless of the study, during
ALE of SiO2 using CFx film deposition and Ar plasma activation, it is clear that the carbon residue
on the surface is atomically thin, and does not inhibit etching in subsequent ALE cycles.
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Anisotropic etching of SiO2 is a crucial processing method in the fabrication of semiconductor
devices. This plasma process must etch SiO2 with high selectivity to SiNx films which are used
as a hard mask and/or as an etch stop.6,56,65,71,73,75,87,98,99,132,137 In conventional etching, high
selectivity for SiO2 vs. SiNx and vice versa is achieved through careful selection of the fluorocarbon
gas (CF4, C4F8, CHF3. . . etc), dilution with additional additives such as H2 or CH4, and/or
by controlling the ion energy distribution.23–32 By tuning these processing knobs during plasma
etching, a protective carbon capping layer can be formed on the surface that should not be etched.
It is well known in the conventional plasma etching literature that using fluorocarbon gases during
etching leads to the formation of an etch inhibiting film on the SiNx surface, but not the SiO2
surface, which allows for high selectivity for etching SiO2 over SiNx but not vice versa.
87,91,99,102
However, ALE provides an additional process knob for further enhancement of etch selectivity.
The two separate plasma half-cycles in ALE decouple the electron and ion energy distribution
functions used for the CFx deposition half-cycle from the Ar plasma half-cycle. Thus, the gas
phase composition and CFx film thickness during the deposition step can be tuned independently
from the Ar+ ion energy, ion flux, and plasma duration in the activation step.6,37–39,51,76,77,91,102,103
In previous publications, Oehrlein and coworkers demonstrated that high etch selectivity in ALE
for SiO2 over SiNx can be achieved by tuning the above parameters.
91,102 Specifically, they showed
that after a few ALE cycles during etching of SiNx, an etch inhibiting film accumulated on the
SiNx surface. Under these ALE conditions there was no accumulation of carbon containing species
on the SiO2 surface, which led to a high etch selectivity.
91,102 Since the activation and removal of
CFx from a SiNx surface is slower than from a SiO2 surface, achieving high selectivity for SiNx vs.
SiO2 in ALE is more challenging using the current processing knobs.
6,71,73,75,87,91,99,102,132 Through
a combination of an extremely thin CFx film (∼3 Å) and a low ion energy Ar
+ bombardment, a
SiNx to SiO2 etch selectivity of ∼2.0 was demonstrated recently using ALE.
102 In this processing
scenario, no etch inhibiting film accumulates on the SiNx or SiO2 surface which drastically limits
the maximum achievable selectivity.102
Figure 4.1 Schematic showing our approach to material selective ALE. (a) Shows the starting
surface functional groups on the SiO2 and SiNx surfaces. In (b) the –SiOH terminated SiO2 surface
is functionalized by a reactive molecule (>Si-R2), which creates a hydrocarbon terminated SiO2
surface. Ideally, no reaction occurs with the SiNx surface. (c) After several ALE cycles, the SiNx
film is etched while an etch inhibiting graphitic hydrofluorocarbon film accumulates on the SiO2
surface due to the presence of the hydrocarbon. To further increase etch selectivity for SiNx vs.
SiO2, we propose a new method that borrows from area-selective atomic layer deposition (AS ALD).
In this proposed ALE approach, outlined schematically in Figure 4.1, the first step is to promote
the formation of an etch inhibiting hydrofluorocarbon film on the SiO2 surface during ALE by
pre-functionalizing the surface prior to etching. Ultimately, for this approach to be effective, it
would require selective pre-functionalization of only the SiO2 surface, such that only etching of
SiO2 is retarded, possibly leading to a higher SiNx to SiO2 etch selectivity. This manuscript only
demonstrates the first requirement; we show the etch rate of SiO2 can be significantly retarded
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by pre-functionalizing it with a hydrocarbon. We use in situ attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy combined with in situ 4-wavelength ellipsometry to
study the effect of pre-functionalizing the SiO2 surface with a hydrocarbon molecule, bisdimethyl
(dimethylamino)silane (CH3)2Si(N(CH3)2)2 (BDMDMAS). We show that the net etch of SiO2 is
reduced to a fraction of the original EPC if the surface is pre-functionalized and that a conjugated
hydrofluorocarbon film forms on the SiO2 surface during the etch process. Careful analysis of
the infrared spectra from each individual cycle shows that over the course of multiple sequential
cycles of ALE, the conjugated hydrofluorocarbon film can in fact completely block etching. Further
analysis of this etch inhibiting film indicates that there is significant mixing and covalent bonding
between the CFx and SiO2 films at the CFx SiO2 interface.
Figure 4.1 Schematic showing our approach to material selective ALE. (a) Shows the starting
surface functional groups on the SiO2 and SiNx surfaces. In (b) the –SiOH terminated SiO2 surface
is functionalized by a reactive molecule (>Si-R2), which creates a hydrocarbon terminated SiO2
surface. Ideally, no reaction occurs with the SiNx surface. (c) After several ALE cycles, the SiNx
film is etched while an etch inhibiting graphitic hydrofluorocarbon film accumulates on the SiO2
surface due to the presence of the hydrocarbon.
To further increase etch selectivity for SiNx vs. SiO2, we propose a new method that borrows
from area-selective atomic layer deposition (AS ALD). In this proposed ALE approach, outlined
schematically in Figure 4.1, the first step is to promote the formation of an etch inhibiting hydroflu-
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orocarbon film on the SiO2 surface during ALE by pre-functionalizing the surface prior to etching.
Ultimately, for this approach to be effective, it would require selective pre-functionalization of only
the SiO2 surface, such that only etching of SiO2 is retarded, possibly leading to a higher SiNx to
SiO2 etch selectivity. This manuscript only demonstrates the first requirement; we show the etch
rate of SiO2 can be significantly retarded by pre-functionalizing it with a hydrocarbon. We use in
situ attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy combined with
in situ 4-wavelength ellipsometry to study the effect of pre-functionalizing the SiO2 surface with a
hydrocarbon molecule, bisdimethyl(dimethylamino)silane (CH3)2Si(N(CH3)2)2 (BDMDMAS). We
show that the net etch of SiO2 is reduced to a fraction of the original EPC if the surface is pre
functionalized and that a conjugated hydrofluorocarbon film forms on the SiO2 surface during the
etch process. Careful analysis of the infrared spectra from each individual cycle shows that over the
course of multiple sequential cycles of ALE, the conjugated hydrofluorocarbon film can in fact com-
pletely block etching. Further analysis of this etch inhibiting film indicates that there is significant
mixing and covalent bonding between the CFx and SiO2 films at the CFx SiO2 interface.
4.3 Experimental - ALE Reactor with In Situ Surface Diagnostics
All experiments were carried out in a capacitively-coupled plasma reactor equipped with in
situ attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and in situ
4-wavelength ellipsometry (see Figure 4.2). The top stainless steel electrode (20 × 15 cm2) of the
plasma source was powered at a radio frequency (rf) of 13.56 MHz. The bottom 10 cm diameter
Inconel electrode, which also served as the substrate heater, was grounded along with the rest of
the chamber. The electrode spacing was kept constant at ∼9 cm. Prior to any experiment, the
reactor was evacuated to a base pressure of ∼1 × 10−7 Torr using a turbomolecular pump backed
by a mechanical pump. All gas flow rates were set using mass flow controllers, and during gas
cycling, individual gases were directed into the reactor or into a bypass mechanical pump using
pneumatic valves that were operated via LabVIEW. For surface functionalization and ALE, the
substrate holder was heated to 150 and 70 ◦C, respectively.
The evolution of the relevant surface species during SiO2 functionalization and ALE was studied
through in situ ATR-FTIR spectroscopy, which has been described in detail previously.84,85 Briefly,
in this setup, an infrared beam from a commercial spectrometer (Nicolet 6700) is focused through
a series of optics, and enters the reactor through an infrared transparent KBr window (Figure 4.2).
The beam is directed such that it is incident onto the short flat face of a trapezoidal ZnSe internal
reflection crystal (IRC) (see Figure 4.2) with dimensions of 50 × 20 × 1 mm with the short faces
beveled at 45◦ (see Figure 4.2). Since the angle of incidence (45◦) of the infrared beam is greater
than that for total internal reflection, the infrared beam undergoes ∼25 reflections on each flat
face of the ZnSe IRC before exiting the reactor through an infrared transparent KBr window (see
Figure 4.2).84,85,213 Upon exiting the reactor, the beam is directed through an additional series of
optics to a liquid-N2-cooled MCT/A detector. All infrared spectra were averaged over 300 scans
with a spectral resolution of 4 cm−1. The relevant background spectrum for each infrared spectrum
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Figure 4.2 Schematic of the capacitively-coupled plasma reactor equipped with in situ ATR-FTIR
spectroscopy and in situ 4-wavelength ellipsometry.
is described in individual figure captions.
The plasma reactor is also equipped with an in situ 4-wavelength (465, 525, 580, and 635 nm)
ellipsometer (Film Sense FS-1). Linearly polarized light is directed through a Kodial glass window
onto a single side polished Si wafer (∼ 15 × 15 mm2) such that the beam is incident onto the
Si wafer at an angle of 70◦ with respect to the surface normal. The reflected beam then exits
the reactor through another Kodial glass window and is incident onto a detector, which measures
the change in polarization state. The Kodial glass windows are protected by gate valves during
SiO2 deposition, surface functionalization, ALE, and reactor cleaning. The single side polished Si
wafer is placed adjacent to the ZnSe IRC allowing for simultaneous data collection. Since we have
previously confirmed that the refractive indices of the CFx layer and underlying SiO2 film (1.43
and 1.46) are similar, the thickness of these two films was modeled as a single stack with a fixed
refractive index of 1.45.84 All thickness measurements were performed after CFx deposition and
during breaks in the incremental Ar plasma activation step, and averaged over 6 s.
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4.3.1 SiO2 Deposition, Surface Functionalization, and Reactor Cleaning
Prior to each experiment, the reactor was cleaned using an Ar/O2/SF6 plasma powered at 100
W for 10 min with flow rates of 80 standard cm3/min (sccm) Ar, 20 sccm O2, and 10 sccm SF6,
and a chamber pressure of ∼ 310 mTorr. After cleaning, the ZnSe and Si substrates were aligned
with their respective optical setups, and the reactor was pumped to base pressure. Then, a SiO2
film was deposited on the substrates via plasma enhanced chemical vapor deposition (PECVD) at
a temperature of 250 ◦C. A ∼13 nm thick film was deposited using ∼200 sccm of a SiH4/Ar mix
(1% SiH4 in Ar) and 6 sccm of O2 at an rf power of 30 W for 40 min at a chamber pressure of
∼360 mTorr. After deposition, the samples were cooled under vacuum.
In the surface functionalization process, the SiO2 surface was exposed to bisdimethyl (dimethy-
lamino)silane ((CH3)2Si(N(CH3)2)2) (BDMDMAS) via a vapor draw sequence. Prior to exposure,
the pumping port on the reactor was closed. Subsequently, the pneumatically operated valve on
the BDMDMAS ampoule was opened for 2 s. During precursor dosing, the chamber reached a
pressure of ∼220 mTorr, which was held for 35 s resulting in an average dose of ∼7.7 Torr·s. After
the hold step, the chamber was purged with 100 sccm of Ar at a chamber pressure of ∼290 mTorr
for 30 s, after which the reactor was pumped down to base pressure for infrared data collection.
During BDMDMAS dosing, the substrate temperature was kept constant at 150 ◦C.
For the baseline ALE process, the substrates were removed immediately after SiO2 growth, and
the reactor wall deposits were cleaned for 10 min with an Ar/O2/SF6 plasma powered at 100 W.
The flow rates were set to 80 sccm Ar, 20 sccm O2 and 10 sccm SF6, resulting in a chamber pressure
of ∼ 310 mTorr. After 10 min, O2 flow was turned off and an Ar/SF6 plasma was used to clean the
reactor for an additional 75 min. Finally, an Ar plasma at 100 W was run for 15 min after the SF6
flow rate was turned off. After chamber cleaning and conditioning, the substrates were placed back
into the same reactor (Fig. 4.2), which was pumped to a base pressure of ∼10−7 Torr. For SiO2
coated samples that were functionalized with BDMDMAS, chamber cleaning and conditioning was
done after the functionalization step.
4.3.2 ALE Process
Figure 4.3 shows a schematic of gas and plasma pulsing in two sequential ALE cycles. In the
CFx deposition half-cycle, 3 sccm of C4F8 was diluted in 100 sccm of Ar. The chamber pressure was
maintained at ∼515 mTorr. A ∼2.8 Å CFx film was deposited on the SiO2 surface at an rf power of
30 W for a duration of 2 s. During CFx deposition, the C4F8/Ar plasma was turned on 30 s after
the introduction of both gases into the reactor. Immediately after CFx deposition, both the Ar and
C4F8 were directed into a bypass mechanical pump, and the chamber was evacuated through the
turbomolecular pump. During this pumping step, infrared and ellipsometry measurements were
recorded. After data collection, Ar was reintroduced into the chamber at the same flow rate of 100
sccm at a chamber pressure of ∼290 mTorr. The Ar plasma activation half-cycle consisted of 6
sequential Ar plasma strikes of 10 s duration with the rf power set at 200 W which activated all of
the deposited CFx from the SiO2. In between each plasma strike, ellipsometry measurements were
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made. At the conclusion of the Ar plasma activation half-cycle, an infrared spectrum, and the final
ellipsometry measurement was also recorded.
Figure 4.3 Schematic showing C4F8 and Ar gas flow, pump down, and plasma rf power cycling
sequence for two sequential ALE cycles.
Lastly, at the conclusion of the ALE process on a BDMDMAS functionalized SiO2 surface, an
Ar/O2 plasma etchback was used to remove all C containing species. The plasma etchback consisted
of 3 sequential 60 s strikes with the rf power set at 30 W using 40 sccm of O2 and 20 sccm of Ar
at a chamber pressure of ∼210 mTorr. After the each plasma strike, an infrared spectrum and an
ellipsometry measurement was recorded. To verify that the Ar/O2 plasma did not etch SiO2, we
struck a 4th 60-s plasma and showed that there was neither a change in film thickness as measured
by ellipsometry nor any change in the infrared spectrum.
4.4 Results and Discussion - Surface Functionalization with BDMDMAS
Figure 4.4 shows the infrared absorbance change for reaction of BDMDMAS with the plasma
deposited SiO2 surface at a substrate temperature of 150
◦C. A background spectrum was collected
immediately prior to BDMDMAS exposure; therefore, any increase in absorbance represents the
addition of surface species, whereas a decrease in absorbance indicates the reaction and/or removal
of surface species. In Figure 4.4, a decrease in absorbance at ∼3750 cm−1 corresponds to removal
of isolated –SiOH groups from the SiO2 surface.
85,166–168,214,215,242 Since this is the only band that
decreases in the infrared spectrum, this indicates that isolated –SiOH groups are the reactive site
for BDMDMAS with an SiO2 surface. Previous studies on surface functionalization of SiO2 sur-
faces with organic linkages have also showed that surface –SiOH groups are the primary reactive
site.85,186,228 From previous studies on ALD of SiO2 and SiNx using aminosilanes, it is expected that
the amide group in BDMDMAS will react with the surface –SiOH groups on SiO2 to form a methyl
terminated surface and two secondary amines (HN(CH3)2) as leaving groups (see Figure 4.4).
186 As
expected, we observe an increase in absorbance in the ∼2800–3000 cm−1 region corresponding to
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the asymmetric and symmetric stretching vibrations of –CH3. The sharp increase at ∼1270 cm
−1
is attributed to the deformation mode of –CH3 backbonded to Si (Si-CH3).
85,226–228,231 Typically,
–CH3 asymmetric stretching vibrations shift to a lower wavenumber (∼2820 cm
−1) when back-
bonded to N in the form of N-CH3
213,228,243,244, but the lack of any absorbance feature at ∼2820
cm−1 indicates that the surface is primarily terminated by Si-CH3 groups. This implies that dur-
ing the reaction of BDMDMAS with –SiOH groups both amine functional groups in the precursor
react with the surface. The large and broad increase centered near ∼1070 cm−1 is attributed to the
creation of new Si-O-Si bridges on the surface upon exchange of the two ligands of the precursor
with the surface.167 A saturation check showed that a dose of ∼7.7 Torr·s was sufficient to fully
saturate the surface. Note, this aminosilane reacts with both SiO2 and SiNx surfaces at 150
◦C and
therefore is not selective. Nonetheless, it can be used to establish that surface functionalization of
SiO2 with a hydrocarbon can be used to modify the subsequent ALE process.
Figure 4.4 Infrared spectrum of the SiO2 surface after exposure to BDMDMAS at 150
◦C. The
reference spectrum is the SiO2 surface prior to exposure. The top right inset shows schematically
the surface functionalization after exposure to the aminosilane.
4.4.1 Etching of Organically Functionalized SiO2
Figure 4.5 shows infrared spectra as a function of increasing number of ALE cycles for a bare
SiO2 surface [Figures 4.5 (a) and (b)], and the same ALE process on a BDMDMAS functionalized
SiO2 surface [Figures 4.5 (c) and (d)]. In Figures 4.5 (a) and (c), the reference spectrum is the
SiO2 surface immediately prior to the first CFx deposition half-cycle. In Figures 4.5 (b) and (d),
the reference spectrum is the surface directly before each individual cycle, or in other words, a
new reference spectrum was collected prior to each CFx deposition half-cycle. Therefore, in these
spectra, any increase or decrease in absorbance is the direct result of surface changes during each
individual ALE cycle. For easier comparison Figures 4.5 (a) and (c) and (b) and (d) are plotted
on the same scale.
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Figure 4.5 (a) Infrared absorbance change for 7 sequential ALE cycles referenced to the starting SiO2
surface. (c) Infrared absorbance change for 7 sequential ALE cycles after exposure to BDMDMAS
prior to the start of ALE. The reference spectrum is the surface immediately prior to the first CFx
deposition step. The spectra in (a) and (c) are plotted on the same scale. The infrared spectra
in (b) and (d) show the absorbance change for the ALE process referenced to the surface prior to
each individual cycle for the (b) baseline ALE process and (d) the organically functionalized SiO2
surface prior to the start of ALE. The spectra in (b) and (d) are also plotted on the same scale.
In Figures 4.5 (a) and (b), each individual spectrum, corresponding to sequential ALE cycles,
has two distinct peaks at ∼1070 and 1255 cm−1 that decrease in intensity, which is characteristic
of removal of SiO2. The large decrease at ∼1070 cm
−1 corresponds to the Si-O-Si asymmetric
transverse optical (TO) phonon mode, and the shoulder at ∼1255 cm−1 is assigned to the Si-O-Si
asymmetric longitudinal optical (LO) phonon mode.79,80,84,245 Figure 4.5 (b) shows that the de-
crease of the Si-O-Si TO and LO phonon mode in each individual cycle is similar (except for the
first cycle), which is characteristic of an ALE process. The SiO2 infrared absorbance spectrum
from the first cycle differs slightly from the rest of the ALE cycles due to a startup effect stemming
from H2O interacting with the SiO2 surface from atmosphere exposure during atmospheric expo-
sure.84,168 The Si-O-Si TO and LO phonon mode can be simultaneously observed in both Figure
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4.5 (a) and (b), which indicates that in our baseline ALE process on bare SiO2, the CFx film is
almost entirely removed from the SiO2 surface during the course of each Ar plasma half-cycle.
84
If the Ar plasma did not fully remove the CFx film from the SiO2 surface, the spectra in Fig. 4.5
(a) would only show a decrease at ∼1070 cm−1 since any net increase associated with the CFx (x
= 1, 2, 3) stretching vibrations at ∼1230 cm−1 would be superimposed on any decrease due to the
Si-O-Si LO removal at ∼1255 cm−1, which would modify the shape of the SiO2 phonon band.
Figure 4.5 (c) shows the cumulative change in absorbance after each sequential ALE cycle for
BDMDMAS functionalized SiO2. Similar to Fig. 4.5 (a), the infrared spectrum in Fig. 4.5 (c)
for the first cycle shows a decrease at ∼1070 cm−1, which corresponds to the Si-O-Si TO phonon
mode and a slight decrease at ∼1255 cm−1, which corresponds to the Si-O-Si LO phonon mode.
However, there is also an increase in absorbance over the range of ∼1550–1800 cm−1, which is
attributed to vibrational modes of conjugated carbon species.72,79,80,194 This increase in absorbance
over this broad region is much more apparent in the difference spectrum for the first cycle in
Figure 4.5 (d). In order of increasing wavenumber, this broad absorbance band is assigned to a
combination of conjugated carbon (-C=C-), partially fluorinated conjugated carbon (F2C=C<),
and heavily fluorinated conjugated carbon (F2C=CF-).
80 The presence of this broad conjugated
hydrofluorocarbon peak indicates that terminating the SiO2 surface with methyl groups prior to the
first ALE cycle influences the surface composition at the conclusion of the first cycle under otherwise
identical ALE parameters. Further corroborating the presence of conjugated hydrofluorocarbon on
the SiO2 surface is the presence of a broad feature at ∼1230 cm
−1 in Figure 4.5 (d), which is
assigned to CFx (x = 1, 2, 3) stretching vibrations. Since SiO2 is etched, it follows that there
should be a decrease in the ∼1255 cm−1 region, but when combined with residual CFx on the
surface, results in the spectrum observed in Fig. 4.5 (d). In direct contrast with the baseline ALE
process, the surface at the end of this ALE cycle is C rich, including substantial conjugated carbon.
In the spectrum for the first ALE cycle in Figure 4.5 (d), there is a decrease in absorbance at
∼1270 cm−1, which we attribute to the partial dehydrogenation of the surface Si-CH3 (see Fig.
4.4). In this first cycle, dehydrogentation of the surface –CH3 groups coupled with defluorination
of the deposited CFx film in the Ar plasma half-cycle promotes the formation of sp
2 hybridized
-C=C- bonds. In cycle 2 (see Fig. 4.5 (d)), there is a slight decrease in absorbance at ∼1070 cm−1
indicating some removal of the underlying SiO2, but this decrease is much less than that in the
corresponding spectrum in Figure 4.5 (c) (baseline process) indicating less SiO2 is removed from
the organically functionalized surface than the non-functionalized surface. In subsequent cycles,
more conjugated carbon species accumulate on the surface in each cycle, which further retards the
etch of SiO2 to the point that little to no measurable etching of SiO2 occurs from the 4
th cycle
onward. Concurrently, a large increase in absorbance is observed at ∼1230 cm−1 indicating the
presence of a significant amount of CFx species in the graphitic hydrofluorocarbon film. Thus, the
formation of the conjugated hydrofluorocarbon film drastically reduces the overall etch of SiO2.
This conjugated hydrofluorocarbon film grows in thickness during each cycle and inhibits etching
of the underlying SiO2 through a combination of preventing Ar
+ ions from reaching the CFx-SiO2
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interface and by preventing the formation of volatile etch products at the CFx-SiO2 interface.
To determine the composition and thickness of this conjugated hydrofluorocarbon film, and to
identify the species at the CFx-SiO2 interface, we etched away this CHxFy film using an Ar/O2
plasma at the conclusion of cycle 4 in one experiment and at the conclusion of cycle 7 in a subsequent
experiment. We confirmed that this Ar/O2 plasma etchback removes only the C containing species
without etching the underlying SiO2 film, thus allowing for a true measurement of both the amount
of SiO2 etched and the compositional information of the CHxFy etch inhibiting layer (see Section
4.3.3). The infrared spectra corresponding to this Ar/O2 plasma etchback are plotted in Figure
4.6. A background spectrum was collected immediately prior to the Ar/O2 plasma step. Thus,
any decrease in absorbance shows the removal of the species from the surface. For comparison, the
infrared absorbance for a ∼2.1 nm CFx film deposited on a SiO2 surface is also included in Figure
4.6. In the spectra in Figure 4.6 that were recorded after etching of the CHxFy film after 4 and 7
ALE cycles, a large decrease in absorbance is observed from ∼1500 – 1800 cm−1. Consistent with
the spectra in Figure 4.5, these bands are assigned to conjugated hydrocarbon (-C=C-) as well as
fluorinated conjugated carbon (F2C=C< and F2C=CF-). A quick comparison of this conjugated
carbon removal with the as deposited thick CFx film in Figure 4.6 shows that there is substantially
more graphitic carbon in the etch inhibiting film than what was deposited from a ∼2.1 nm CFx
film. As this large amount of conjugated hydrofluorocarbon accumulates on the surface, etching
eventually ceases [Fig. 4.5 (c) and 4.5 (d)] confirming that graphitic carbon formation leads to
an etch stop. In contrast, in the baseline ALE process, the same Ar+ bombardment step on
a CFx film on bare SiO2 leads to etching and no conjugated carbon accumulation on the SiO2
surface. Additionally, the conjugated carbon feature in Fig. 4.6 is broad, which indicates that the
conjugated carbon residue on the surface has different fluorination (F:C ratio) compared to the
CFx film deposited from a C4F8/Ar plasma. Finally, there is a weak decrease in absorbance at
∼2270 cm−1, which is assigned to cumulated carbon (=C=C=) indicating that the CHxFy film also
has sp-hybridized carbon in addition to the sp2-hybridization. This in turn indicates that the Ar
plasma defluorinates the deposited CFx film promoting C=C bond formation. This observation is
consistent with previous etching studies that show that sp- and sp2-hybridzed carbon can prevent
etching of SiO2.
In addition to conjugated carbon on the surface, Figure 4.6a shows absorbance features due
to CFx stretching vibrational modes. In the infrared spectrum recorded for etchback after 4 ALE
cycles, CFx (x = 1, 2, 3) stretching vibrations appear as a broad shoulder at ∼1230 cm
−1, whereas
after 7 ALE cycles these vibrational modes are the most intense feature. Since SiO2 is only etched
during the first 3-4 cycles, it follows that more of the CFx is consumed as SiO2 is converted into
the volatile etch products, such as SiF4 and CO2. However, as etching eventually stops due to
the accumulation of a conjugated hydrofluorocarbon film, the additional CFx that is deposited
in the late deposition half-cycles is not removed by the Ar plasma. Due to the inability of the
Ar+ ions to reach the CFx SiO2 interface, F can only leave the surface through a defluorination
process induced by sputtering. With only one removal pathway, we hypothesize that the CHxFy
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Figure 4.6 (a) Infrared absorbance change after an O2 plasma etchback of the graphitic hydroflu-
orocarbon film on the BDMDMAS exposed SiO2 surface after 4 (green) and 7 (blue) ALE cycles.
The reference spectrum is the surface immediately after the last Ar plasma half-cycle. The infrared
spectrum in black corresponds to a ∼2.1 nm CFx film deposited from a C4F8/Ar plasma on a SiO2
surface. (b) Schematic representing the atomically abrupt interface layer between the CFx film
and the bulk SiO2 directly after CFx deposition derived from the black spectrum. (c) Schematic
representing the larger degree of covalent bonding in the form of a mixing layer at the interface
between the conjugated hydrofluorocarbon film and the SiO2 film derived from the green and blue
infrared spectra.
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film will trap the precursors to etch products at the CFx SiO2 interface since the Ar
+ ions are
unable to transfer their energy to the interface and break bonds and promote the formation of
volatile etch products. Consistent with this hypothesis, we observe a large decrease in absorbance
at ∼1110 cm−1,80,84,170 which is assigned to Si-O-C stretching vibrations and is present in the
spectra recorded after the 4th and the 7th ALE cycles. Additionally, a broad and weak feature
from ∼950 – 1000 cm−1 is attributed to a combination of CF3 and SiFx (x = 1, 2, 3) stretching
vibrations in congruence with previous assignemnts.80,84,170 Thus, these two vibrational features
confirm the presence of a mixing layer with covalent bonding between the CHxFy and SiO2 films
at the CFx SiO2 interface.
51,64,65,71,73,80,84 Using the ratio of the Si-O-C to CFx intensities in the
infrared spectra in Figure 4.6,84 we can determine that the degree of interfacial mixing and covalent
bonding on the SiO2 surface after direct CFx deposition (black spectrum) is much less than the
degree of mixing in the etch inhibiting conjugated hydrofluorocarbon (Fig. 4.6b and 4.6c). This
greater amount of mixing indicates that the conjugated hydrofluorocarbon film prevents the low
energy Ar+ ions in the Ar plasma half-cycle from activating etch product formation at the interface,
and preventing any etch products that do form from leaving the CFx SiO2 interface leading to a
lower EPC, and eventually a complete etch stop.
Figure 4.7 Infrared absorbance change after the 7th CFx deposition half-cycle for the ALE process
with the SiO2 surface functionalized with BDMDMAS (black) and the baseline ALE process (red).
The reference spectrum is the surface immediately prior to CFx deposition.
The CFx deposition rate from a C4F8/Ar plasma depends on the surface functionalization and
composition.51,65,84,91,102,103 Since the surface changes from mainly -CH3 (1
st cycle) to a thick
conjugated hydrofluorocarbon layer (cycle 4 onwards), more CFx is deposited in the C4F8/Ar
plasma half-cycle due to the change in the surface composition in later cycles. Figure 4.7 compares
the intensity of the CFx (x = 1, 2, 3) stretching mode for CFx deposition in the 7
th cycle step
83
for the baseline and surface functionalized ALE processes. In comparing the absolute intensities of
these features, the C4F8/Ar plasma deposits roughly ∼1.65 times the CFx deposited in the baseline
process. We attribute this difference in deposition rate to the difference in surface composition of
the two processes, which has been reported previously.51,65,84,158 One final note: CFx is deposited on
the surface with minimal conjugated carbon (F2C=C<), which is consistent with previous reports
on plasma assisted ALE of SiO2.
78,84 Thus, the etch inhibiting conjugated hydrofluorocarbon film
is a result of surface functionalization with BDMDMAS in combination with ALE.
Figure 4.8 Apparent film thickness obtained by filling ellipsometric data with a Cauchy model
as a function of cycle number during ALE. The black (circle) line corresponds to the baseline
ALE process. The red (triangle), purple (diamond), green (square), and blue (inversetriangle)
lines corresponds to apparent thickness measurements during the ALE process on the BDMDMAS
exposed SiO2 surface. The apparent increase in thickness is not physical and indicates that this
CHxFy layer is no longer transparent in the visible region of the spectrum. The abrupt decrease in
apparent thickness at cycle 4 and cycle 7 represents the thickness change due to the Ar/O2 plasma
etchback.
Figure 4.8 shows the net apparent change in thickness during the ALE processes as a function
of cycle number. To show the net change in apparent film thickness, the initial thickness of each
film was set to zero prior to the first processing step. This corresponds to the C4F8/Ar plasma or
BDMDMAS exposure processing steps for the baseline and modified ALE processes, respectively.
The average EPC for the baseline ALE process was ∼0.26 nm after 7 cycles. From the infrared
spectra in [Figs. 4.5 (c) and 4.5 (d)], it is clear that a thick graphitic hydrofluorocarbon film
accumulates on the SiO2 surface during the process in addition to minimal etching of SiO2. We
speculate that the large apparent increase in film thickness in the modified ALE process is due to
a combination of both the accumulation of a CHxFy film and changing optical properties, which
cannot be modelled with a simple Cauchy model with a fixed refractive index of 1.45. However,
when the Ar/O2 plasma etchback removed all C containing species, it allowed for an accurate
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measurement of the net etch of SiO2. After the 4
th and 7th cycles, the overall etched thickness of
SiO2 was ∼0.58 and 1.0 ± 0.2 nm, respectively. Comparing with the amount etched in the 4th and
7th cycles of the baseline process, the net amount etched was reduced to ∼73% and ∼57% of the
baseline value, respectively.
At first glance, this thickness measurement seems to contradict the infrared spectra in Fig.
4.4b and 4.4d that show minimal to no SiO2 etching after the 4
th cycle (Fig. 4.4b and 4.4d). In
closer inspection of the infrared spectra in Fig. 4.4d, we observe minimal rearrangement/loss in the
Si-O-Si TO mode at ∼1070 cm−1. We attribute this change in absorbance to continued formation
of Si-O-C even though SiO2 is not being etched. This is corroborated by the larger change in
absorbance for the Si-O-C vibrational band after the 7th cycle compared to the 4th cycle as shown
in Fig. 4.6a.
4.5 Conclusions
Using in situ ATR-FTIR spectroscopy in conjunction with in situ 4-wavelength ellipsometry,
we show that by grafting a hydrocarbon to the SiO2 surface prior to the start of ALE, the net
etching of SiO2 can be reduced to ∼57% of the baseline etching process in just the first 7 cycles.
This reduction in EPC is attributed to an etch inhibiting graphitic hydrofluorocarbon film that
accumulates on the surface during each cycle culminating in an etch stop by the 4th cycle. In
removing the graphitic hydrofluorocarbon film through an Ar/O2 plasma, we show Si-O-C and SiFx
(x = 1, 2, 3) species are present in a mixing layer that forms at the interface between SiO2 and the
CHxFy film. The intensity of the Si-O-C peak indicates that the degree of covalent bonding at the
CFx SiO2 interface is much like that observed during continuous etching. This is in direct contrast
to the atomically abrupt interfacial layer observed in the baseline ALE process. Thus, adding a
hydrocarbon prior to the start of ALE directly influences the degree of mixing and covalent bonding
at the CFx SiO2 interface and overall etch characteristics. Note, this paper only discusses the effect
of the hydrocarbon precursor on ALE of SiO2 with no reference to overall etch selectivity, but with
selective attachment of a hydrocarbon to SiO2 over SiNx overall etch selectivity could be enhanced.
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CHAPTER 5
SELECTIVE GAS-PHASE FUNCTIONALIZATION OF SIO2 AND SINx
SURFACES WITH HYDROCARBONS
Adapted from a paper published in Langmuir §§
Ryan J. Gasvoda,† Wanxing Xu,† Zhonghao Zhang,‡ Scott Wang,‡
Eric A. Hudson,‡§ and Sumit Agarwal†,§
Up until now, we have addressed SiO2 surfaces in detail: review of the literature, mechanistic
understanding and perspective of the ALE process, functionalizing a SiO2 surface with a hydro-
carbon, and finally showing that hydrocarbon pre-functionalization of a SiO2 surface prior to the
start of ALE retards the overall net etch. But, we have not been able to fully address selectiv-
ity due to the lack of readily available hydrocarbons that selectively functionalize SiO2 and SiNx
from the gas-phase. Selective organic functionalization of inorganic surfaces from the gas-phase has
wide reaching applications in other areas as well, such as area-selective atomic layer deposition.
Typically, to enhance the growth or etch selectivity, a hydrocarbon based self-assembled monolayer
protects the underlying surface by sterically preventing the deposition precursors from reaching the
non growth surface or by retarding the etch rate in the functionalized areas. Both SiO2 and SiNx
films are used throughout the semiconductor device manufacturing process. Currently, there are
no reports in the literature on the selective functionalize of SiO2 over SiNx surfaces, and vice versa
from the gas-phase. It is crucial to limit ourselves to gas-phase selective surface fictionalization,
since this functionalization method is significantly more compatible with current manufacturing
toolset. Solution-phase or sol-gel methods require an additional toolset. In this chapter and article,
we report the first set of experiments that demonstrate the facile selective gas-phase surface func-
tionalization of SiO2 over SiNx with a cyclic azasilanes. Using in situ surface infrared spectroscopy,
we show that the cyclic azasilanes preferentially react through a ring-opening reaction with the
SiO2 surface over the SiNx surface with an attachment selectivity of ∼5.4. Additionally, we report
on the reaction selectivity of an aldehyde to SiNx over SiO2 surfaces, also through the gas phase.
The infrared spectrum after aldehyde exposure to SiO2 shows almost no reaction with the SiO2
surface leading to extremely high attachment selectivity to SiNx surfaces. Finally, quantitative
estimates of the surface concentration of the organic linkages on either the SiO2 or SiNx surfaces is
calculated. Figure A.3 is the table of contents image for this publication, and it depicts the selec-
tive surface functionalization of the SiO2 surface using a cyclic azasilane and the selective surface
functionalization of the SiNx surface using a model aldehyde.
§§Reprinted with permission of Langmuir, vol. 37 (13), pp. 3960-3969 2021.
Copyright 2021 American Chemical Society
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5.1 Abstract
Selective functionalization of dielectric surfaces is required for area-selective atomic layer de-
position and etching. We have identified precursors for selective gas-phase functionalization with
hydrocarbons of plasma-deposited SiO2 and SiNx surfaces. The corresponding reaction mechanism
of the precursor molecules with the two surfaces was studied using in situ surface infrared spec-
troscopy. We show that at a substrate temperature of 70 ◦°C, cyclic azasilanes preferentially react
with an –OH-terminated SiO2 surface over a –NHx terminated SiNx surface with an attachment
selectivity of ∼5.4. The partial oxidation in the ambient of the SiNx surface limits the reaction
selectivity. The cyclic azasilane undergoes a ring opening reaction where the Si–N bond cleaves
upon reaction with surface –OH groups forming a Si–O–Si linkage. After ring opening, the back-
bone of the grafted hydrocarbon is terminated with a secondary amine, –NHCH3, which can react
with water to form an –OH-terminated surface and release CH3NH2 as the product. The surface
coverage of the grafted cyclic azasilane is calculated as ∼3.3 × 1014 cm−2, assuming each reacted
–OH group contributes to one hydrocarbon linkage. For selective attachment to SiNx over SiO2
surfaces, we determined the reaction selectivity of aldehydes and iosthiocyanates. We demonstrate
aldehydes selectively attach to SiNx over SiO2 surfaces, and for the specific branched aliphatic
aldehyde used in this work almost no reaction was detected with the SiO2 surface. A fraction of
the aldehyde molecules react with surface –NH2 groups to form an imine (Si-N=C) surface linker
with H2O released as the byproduct. The other fraction of the aldehydes also react with surface
–NH2 groups but do not undergo the water elimination step and remain attached to the surface
as an aminoalcohol (Si–NH–COH–). The surface coverage of the grafted aldehyde is calculated as
∼9.8 × 1014 cm−2 using a known infrared absorbance cross section for the –C(CH3)3 groups.
5.2 Introduction
Surface functionalization of inorganic surfaces with organic linkages has a wide variety of appli-
cations including but not limited to electronic and optoelectronic device fabrication171,172, biosen-
sors171,175,176, tribology173,174, drug delivery173,174, cosmetics175 and even paints and coatings.175
Typically, the organic layer on the inorganic film is referred to as a self-assembled monolayer (SAM),
which can be characterized as a densely packed surface with variable end functional groups that can
be tuned for various applications.246 These SAM chains are typically classified into three distinct
parts: a reactive head group, hydrocarbon backbone, and an end functional group.85,172,181,182,185
Through careful selection of the reactive head group with respect to the reactive sites on the sur-
face, SAMs can be selectively formed on a specific surface without functionalizing the adjacent
surface.247 The functionality of the covalently-bonded SAMs can be tuned for various applications
based on the backbone and the end functional group.
While surface organic functionalization of dielectrics surfaces such as SiO2 and SiNx with organic
linkers is commonly studied, selective functionalization of either the SiO2 or SiNx surface over the
other has not been reported previously.5,147,248–250 In semiconductor device manufacturing, SiNx
and SiO2 are two of the most commonly used dielectric materials.
5,85,147,251 Thus, functionalizing
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SiO2 over SiNx surfaces and vice versa is highly desired for area selective atomic layer deposition
(ALD).4 In an ideal area-selective ALD process, a SAM would be chemically patterned onto the
substrate via selective attachment to either a SiO2 or SiNx surface.
4 This SAM then sterically
inhibits vapor phase growth by preventing ALD precursors from adsorbing and reacting on the
surface, allowing for growth only on the non functionalized surface.248–250 Typically, these SAMs
are grafted onto the SiO2 or SiNx surface via solution based techniques which create highly dense
blocking layers that are required to inhibit vapor phase growth in ALD. Generally, area-selective
ALD processes enable selective growth of a metal oxide film using a metal precursor and H2O
as the O source.181,247–250,252 Thus, for this application, these SAMs must be resistant to H2O
exposure.253–255 This approach of selectively passivating either the SiO2 or SiNx surface can also
be extrapolated to selective atomic layer etching (ALE) of SiO2 and SiNx.
34 In selective ALE of
SiO2 and SiNx, it is crucial to accumulate a protective graphitic carbon layer on the non etch
surface.34,51,251 It can take up to a few ALE cycles to fully protect the non etch surface, and
thus some undesired material loss occurs on the non-etch surface.34,91,102,103,108,251 By selectively
attaching a SAM to either the SiO2 or SiNx surface, this SAM can further protect the underlying Si
based dielectric during the first few ALE cycles leading to an improvement in the etch selectivity.34
To further increase selectivity in both deposition and etching, it is crucial to identify molecules
that selectively attach to SiO2 or SiNx surfaces through the gas phase at a low substrate tem-
perature. For easier integration into semiconductor manufacturing, it is crucial to use molecules
that react from the gas phase.4,34,256 However, most of the literature on SAM functionalization
of SiO2 and SiNx surfaces focuses on solution-based techniques.
181,247,252,257 Typically, SiO2 and
SiNx surfaces are functionalized using a wide variety of alkoxysilanes and chlorosilanes. These
molecules have been carefully studied and even been demonstrated to attach to SiO2 surfaces from
the gas phase albeit creating SAMs with much lower surface density than solution-based tech-
niques.248,255,256 Tetraethoxysilane (TEOS) is the simplest and most commonly used alkoxysilane
and readily reacts with –SiOH groups on SiO2 surfaces from solution or from the gas phase at ele-
vated temperatures.193,194 However, for reaction with surfaces at less than 150 ◦C, TEOS requires a
catalyst such as NH3, which is undesirable.
193,194 APTES (3-aminopropyltriethoxysilane), a TEOS
derivative, reacts directly with a SiO2 surface from the gas-phase since APTES self-catalyzes the
reaction due to the terminal –NH2 groups.
199,258 This reaction is predicted to be selective to SiO2
over SiNx surfaces; however, this reaction creates surface ethoxide groups and amines which would
be reactive to ALD precursors.5,199,258 Adding to the challenge of identifying selective molecules is
that most Si-based precursors such as alkoxysilanes, chlorosilanes, and aminosilanes will react with
both SiO2 and SiNx surfaces as the reactivity of these surfaces is extremely similar.
5 In fact, ALD
processes for SiO2 and SiNx use an almost identical set of Si precursors including chlorosilanes and
aminosilanes, albeit at different substrate temperatures.3,5 However, the temperature windows for
ALD of SiNx and SiO2 do overlap; thus these molecules have almost no attachment selectivity.
5
In this study, we focus on identifying molecules that selectively attach to SiO2 or SiNx surfaces
at a low substrate temperature of 70 ◦C. We determine the surface reactions and the attach-
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ment selectivity using in situ attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy. For selective attachment to SiO2 over SiNx surfaces, we tested aminosilanes, cyclic
azasilanes, and cyclic thiasilanes: we show high reaction selectivity for cyclic azasilanes to SiO2
over SiNx surfaces. We also tested selective attachment to SiNx over SiO2 surfaces of aldehydes
and isothiocyanates: we show that aldehydes provide extremely high selectivity for reaction to SiNx
over SiO2 surfaces. Careful analysis of the SiNx surface after reaction with aldehydes indicates two
different bonding configurations.
5.3 Experimental Section - Plasma Deposition Reactor with In Situ ATR-FTIR Spec-
troscopy
Figure 5.1 shows the cross sectional side view of the surface analysis chamber equipped with a
parallel plate capacitively-coupled plasma source and an in situ ATR-FTIR spectroscopy setup.34,84
The top stainless steel electrode (25 × 15 cm2) was radio-frequency (rf) powered at 13.56 MHz.
The substrates were placed on a 10 cm diameter resistively-heated stage that also functioned as
the grounded electrode for the capacitively-coupled plasma (see Fig. 5.1). Gas flow was controlled
via mass flow controllers and directed into the chamber through pneumatically actuated valves
operated with LabVIEW. Prior to any experiment, the reactor was evacuated to a base pressure
of ∼5 × 10−7 Torr via a turbomolecular pump connected in series with a mechanical pump. All
gases were introduced into the chamber via an injection ring centered above the rf powered plate.
Figure 5.1 Reactor schematic showing the in situ ATR-FTIR spectroscopy setup and the
capacitively-coupled plasma source.
The in situ ATR-FTIR spectroscopy setup has been described in detail in previous publica-
tions.34,84,85,259 In this setup, either SiO2 or SiNx was plasma deposited onto trapezoidal 50 × 20
× 1 mm ZnSe internal reflection crystals (IRC) with the short faces beveled at 45◦. The IRC was
placed onto a resistively-heated substrate stage (see Fig. 5.1) and infrared spectra were recorded
with a liquid-N2-cooled MCT/A detector over 650–4000 cm
−1. All infrared spectra were averaged
over 300 scans with a spectral resolution of 4 cm−1. The corresponding reference spectrum in each
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case is identified in the individual figure captions.
5.3.1 Reactor Pre clean, and SiO2 and SiNx Deposition
Prior to each experiment, both the ZnSe IRC and reactor walls were cleaned using an Ar/O2/SF6
plasma powered at 100 W for 5 min with flow rates of 80 standard cm3/min (sccm) of Ar, 20 sccm
of O2, and 10 sccm of SF6 at a chamber pressure of ∼310 mTorr. After 5 min, O2 flow was turned
off and a 100 W Ar/SF6 plasma was used to clean the reactor walls and the ZnSe IRC for an
additional 10 min. After reactor and ZnSe IRC cleaning, a SiO2 film was deposited via plasma-
enhanced chemical vapor deposition (PECVD) for 40 min at a substrate temperature of 250 ◦C
using ∼200 sccm of a SiH4/Ar mix (1% SiH4 in Ar) and 6 sccm of O2 at an rf power of 30 W and
a chamber pressure of ∼360 mTorr. Alternatively, a SiNx film was also deposited via PECVD for
15 min at a substrate temperature of 400 ◦C using ∼150 sccm of the SiH4/Ar mix combined with
15 sccm of NH3 and 7 sccm of N2 at a rf power of 30 W and a chamber pressure of ∼290 mTorr.
After deposition, the samples were cooled under vacuum to a substrate temperature of 70 ◦C.
5.3.2 Precursor Exposure
All precursors were introduced into the reactor through a vapor draw sequence. Specifically,
the pneumatically operated valve on the bis(dimethylamino)dimethylsilane [Sigma Aldrich >98%]
(BDMADMS) ampoule was opened for 2 s. During BDMADMS dosing, the chamber reached a
pressure of ∼220 mTorr, which was held for 35 s resulting in an average dose of ∼7.7 Torr·s.
For n-octyldimethyl(dimethylamino)silane [Sigma Aldrich >98%] (ODMDMAS), the pneumatically
operated valve was opened until the chamber reached a pressure of 45 mTorr. It took ∼10 min for
the pressure to rise to 45 mTorr due to the low vapor pressure of ODMDMAS resulting in an average
dose of ∼13.5 Torr·s. N-methyl-aza-2,2,4-trimethylsilacyclopentane [Gelest] (cyclic azasilanes -
CAZ) was introduced into the chamber for 3 s resulting in a chamber pressure of ∼350 mTorr,
which was held for 30 s for a dose of ∼10.5 Torr·s. 2,2,4-trimethyl-1-thia-2-silacyclopentane [Gelest]
(cyclic thiasilane - CTS) was introduced into the chamber for 6 s at a pressure of 60 mTorr, which
was held for 30 s resulting in an average dose of ∼1.8 Torr·s. 3,5,5-trimethylhexanal [Sigma Aldrich
>98%] (TMH) was introduced into the chamber until it reached a pressure of ∼500 mTorr and
was held for an additional 300 s to ensure complete surface saturation resulting in an average
dose of ∼150 Torr·s. Phenyl isothiocyanate [Sigma Aldrich >98%] (PITC) was introduced into the
chamber until the pressure reached ∼150 mTorr, which was held for 300 s resulting in an average
dose of ∼45 Torr·s. After the precursor dose, the chamber was purged with 100 sccm of Ar for
120 s. The reactor was then completely evacuated down to base pressure and an infrared spectrum
was collected. To ensure complete reaction and surface saturation, the dosing process was repeated
once more for all molecules except for CTS which was repeated five times.
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5.4 Results and Discussion - Characterization of the Plasma-Deposited SiO2 and SiNx
Surfaces
Figure 5.2a shows the infrared spectrum of a typical plasma deposited SiO2 film on a bare
ZnSe IRC. The reference spectrum was recorded immediately prior to the plasma strike; therefore,
the spectrum contains contributions from both the bulk and surface vibrational modes. In this
spectrum, there are five distinct features: the strongest band at ∼1070 cm−1 is attributed to the
Si–O–Si asymmetrical transverse optical (TO) phonon mode, the Si–O–Si antisymmetric longitudi-
nal optical (LO) phonon mode is at ∼1255 cm−1, the symmetric Si–O–Si phonon mode is at ∼810
cm−1, hydrogen-bonded or bulk –SiOH species are at ∼3650 cm−1, and isolated surface –SiOH
species are at ∼3750 cm−1.84,85,167,168,194,215,217 The inset shows a zoomed in view of the –SiOH
stretching region. We have previously shown that the ∼3650 cm−1 mode corresponds to –SiOH
groups that are embedded in the bulk while the isolated –SiOH groups are the surface reactive
sites.85
Figure 5.2b shows the infrared absorbance spectrum of a typical plasma-deposited SiNx film on
a bare ZnSe IRC. The reference spectrum was recorded immediately prior to the plasma strike;
therefore, the spectrum contains contributions from both the bulk and surface vibrational modes.
In this spectrum, the strongest vibrational mode at ∼860 cm−1 is attributed to Si–N–Si antisym-
metric phonon stretching mode.149,260 The shoulder at ∼1180 cm−1 is attributed to the NH bend-
ing mode (Si–NH–Si).261–263 The extremely weak spectral feature at ∼1550 cm−1 is attributed
to the –NH2 scissor mode, and the broad feature at ∼3300 cm
−1 is due to –NHx (x = 1, 2)
stretching vibrations.262 Thus, the spectra in both Fig. 5.2a and 5.2b confirm that the plasma
deposited SiO2 and SiNx films used in this study are similar to those reported in previous stud-
ies.85,167,168,194,215,217,260,262,263
5.4.1 Selectively Functionalizing SiO2 over SiNx Surfaces
The name, structure, and attachment selectivity to SiO2 over SiNx for the four molecules that
were screened are reported in Table 5.1. We determined the degree of attachment to SiO2 or SiNx
surfaces of each molecule in Table 1 based on the ratio of the integrated absorbance for the –CHx




are the increases in the integrated absorbance of
the –CHx stretching region on SiO2 and SiNx surfaces, respectively. The SiO2:SiNx attachment
selectivity for CAZ was ∼5.4, the highest among the four molecules listed in Table 5.1.
Cyclic azasilanes have been used to grow SiO2 films at low temperatures with ALD as well as in
molecular layer deposition (MLD) of polymer films.145,146,207,208 One benefit of cyclic azasilanes is
that these molecules undergo a ring opening reaction on the surface with no gaseous byproduct such
as HCl or CH3OH, which can remain adsorbed onto the surface.
207 Figure 5.3a shows the infrared
absorbance change for exposure of SiO2 and SiNx surfaces to CAZ at a substrate temperature of 70
◦C. A background spectrum was collected immediately prior to the CAZ dose. Thus, any increase in
absorbance indicates freshly adsorbed species, and any decrease in absorbance indicates the removal
or reaction of surface species. In Figure 5.3a, upon exposure of a –SiOH terminated SiO2 surface
91
Figure 5.2 (a) Infrared absorbance for a plasma-deposited SiO2 film onto the bare ZnSe IRC. The
inset shows a zoom in view of the –OH stretching region. (b) Infrared absorbance change for a
SiNx film plasma deposited onto the bare ZnSe IRC.
to CAZ, a sharp decrease in absorbance is observed at ∼3750 cm−1, which indicates reaction of
CAZ with isolated –SiOH species on the surface.85,207,215 Further, as observed in previous work, it
also confirms that isolated –SiOH species are the primary reactive sites on the plasma deposited
SiO2 surface.
85 The low wavenumber tail indicates the reaction of CAZ with surface vicinal (weakly
hydrogen bonded) –SiOH groups as well (see Figure C.1).216 As expected, in Figure 5.3a, we observe
a large increase in absorbance at ∼1070 cm−1, which indicates that Si-O-Si bridges are formed on
the SiO2 surface. The sharp increase at ∼1270 cm
−1 is identified as the deformation mode of
–CH3 backbonded to Si (Si-CH3).
84,226,228,264 The vibrational modes from ∼1340 to 1470 cm−1
are assigned to a combination of both –CH2– and –CH3 asymmetric and symmetric deformation
modes in the carbon backbone (see Figure 5.3b).228,229 The large increase in absorbance from
∼2650 – 3000 cm−1 is broadly assigned to –CH3 and –CH2– asymmetric and symmetric stretching
vibrations of the C-H bonds.226,227 Of particular interest is the appearance of a shoulder at ∼2790
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Table 5.1 Molecules screened in this work for selective gas-phase functionalization of PECVD
SiO2 over PECVD SiNx surfaces at a surface temperature of 70
◦C.


























cm−1, which indicates the presence of a –CH3 group backbonded to N (NH-CH3) which redshifts
the C-H stretching frequency compared to –CH3 backbonded to C.
259 This redshifted feature in the
infrared spectrum indicates that the surface is terminated in a secondary amine (see Fig. 5.3b). A
slight increase in absorbance is also observed at ∼3250 cm−1, which is assigned to >NH stretching
vibrations212,260 which further confirms a secondary amine surface termination. For the infrared
spectrum for CAZ reaction with SiNx, a small increase in absorbance was observed at ∼3250 cm
−1
indicating the addition of surface >NH species261–263 onto the surface, which indicates a partial
reaction to the SiNx surface. A comparison of the infrared spectra in Figure 5.3a, shows that CAZ
does not overly populate the SiNx surface with the hydrocarbon, and thus, this reaction is selective.
There is also a decrease at ∼3450 cm−1 in the infrared spectrum for the SiNx surface in Figure
5.3a, which indicates the removal or reaction of –NH2 groups or surface hydrogen-bonded –OH
groups.212,215,216,224,225 We speculate that the latter functions as the main reactive site for CAZ on
SiNx surfaces, as the SiNx film surface slightly oxidizes even under vacuum which slowly populates
the SiNx surface with –OH reactive sites.
265,266
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Figure 5.3 (a) Infrared absorbance change for plasma deposited SiO2 (top blue) and SiNx (bottom
red) after exposure to CAZ at 70 ◦C. The reference spectrum corresponds to the surface immediately
prior to CAZ exposure. (b) Representative schematic of the SiO2 and SiNx surface showing the
surface functional groups on the SiO2 surface after CAZ exposure.
Figure 5.3b shows the representative surface schematic of the idealized SiNx and SiO2 films
after exposure to CAZ. From the analysis of the infrared spectra detailed above and previous
studies, CAZ undergoes a ring-opening reaction with the strained Si-N bond breaking and forming
surface Si-O-Si bonds (Fig. 5.3b).145,146,207 For this CAZ to function as a blocking layer in area
selective ALD, it must be resistant to H2O exposure which is commonly used as the O source
in metal oxide ALD.4 However, upon H2O exposure, this secondary amine (-NH-CH3) is readily
oxidized to a surface terminal –OH group and gaseous methylamine.256,260 In fact this reaction of
secondary amines with –OH groups is the basis for aminosilane-based ALD of SiO2.
5,267 Therefore,
this terminal –OH group limtis the use of CAZ as a viable molecule for area-selective ALD of metal
oxides using H2O since –OH groups are the main reactive site for the metal precursor adsorption.
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However, this selective attachment still functions as an adequate blocking layer in selective ALE.
The excess hydrocarbon inhibits etching of the underlying SiO2 leading to an increase in SiNx over
SiO2 etch selectivity.
34,251 Thus, the end application of CAZ is limited to either selective ALE or
area-selective ALD of materials other than metal oxides due to the high reactivity of the secondary
amine functional group to H2O.
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The surface coverage should be high after functionalization in order for CAZ to function as a
blocking layer.4,181,182,247,248,252,254,255,268–270 The exact surface coverage value is difficult to obtain
using infrared spectroscopy because of the lack of availability of the infrared absorption cross-
sections for the vibrational modes coupled with the fact that these vibrational modes often overlap
with each other. For example, the CAZ readily populates the SiO2 surface with multiple –CH3
groups, backbonded to both Si and N. However, the infrared absorbance cross section for the
asymmetric CH3 stretching vibrations at ∼2995 cm
−1 is extremely low, ∼3.32 × 10−20 cm2,224 and
its peak position overlaps with adjacent –CHx (x = 1, 2, 3) asymmetric and symmetric stretching
vibrations. Further, the peak position of the –CH3 asymmetric stretching vibrations is known to
shift depending on the atom backbonded to the C such as Si, C or N which coupled with a changing
effective infrared absorbance cross-section renders a surface coverage calculation with this infrared
peak extremely difficult.34,264 Therefore, we calculate the surface coverage for CAZ on the SiO2
surface by calculating the number of reacted –SiOH groups (see Fig. 5.3a). This analysis assumes
that each attached CAZ molecule reacts with one –SiOH group (isolated or vicinal). Regardless of
the reaction site, we assume a single monolayer exists on the SiO2 and SiNx surfaces. The CAZ














where |A′(ν)| is the change in integrated absorbance of either the isolated or vicinal –SiOH feature
because of the reaction with CAZ (see Figure C.1), NR (=25) is the number of internal reflections
on the top face of the ZnSe IRC, and σ is the corresponding infrared absorbance cross section
(cm2/mol). For this analysis, we assume that the infrared absorbance cross-section is constant over
the wavenumber range of the spectral feature.
The infrared absorbance cross section for both the isolated and vicinal –OH groups remains a
point of contention in the peer reviewed literature due to the fact that these groups can overlap in
the ∼3750 cm−1 region. Taking this into account, McDonald224 and Heilweil et al.216 determined
the cross section for the isolated –SiOH species as 1.32 × 105 and 1.0 × 105 cm2/mol, respectively.
Nagasawa et al.223 determined the cross section for the vicinal –SiOH groups as 2.53 × 107 cm2/mol.
Using the above infrared cross-sections from McDonald224 and Nagasawa et al.223, we calculated
the surface density of the reacted isolated –SiOH groups as ∼3.3 × 1014 cm−2 and reacted vicinal
–SiOH groups as ∼6.7 × 1011 cm−2, respectively. The three orders of magnitude difference between
the isolated and vicinal –SiOH group density further corroborates that the SiO2 surface is mostly
populated with isolated –SiOH groups. Heilweil et al. reported that the theoretical maximum
density of isolated –SiOH groups on a fumed SiO2 surface is 4 per 100 Å
2 or ∼4.0 × 1014 cm−2.216
Thus, under these conditions, the SiO2 surface is almost completely saturated with isolated –SiOH
groups (∼3.3 × 1014 cm−2). We speculate that a higher surface coverage (>3.3 × 1014 cm−2) can
be obtained for SiO2 surfaces if the SiO2 surface is populated with a higher density of vicinal –SiOH
groups, but the ultimate surface coverage could still be determined by steric hindrance.
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Both aminosilanes that were tested (see Table 5.1) for selective attachment to SiO2 over SiNx
readily react with both surfaces (see infrared spectra in Figure C.2), which is expected since aminosi-
lanes are commonly used in ALD of both SiO2 and SiNx films.
5,260 The infrared spectra in Figure C.3
indicate that CTS is not very reactive to either the SiO2 or SiNx surface and the reaction selectivity
is also low: the low reactivity of CTS with SiO2 is apparent from the small decrease in absorbance
for the isolated –SiOH groups.
5.4.2 Selectively Functionalizing SiNx over SiO2 Surfaces
Attaching hydrocarbons selectively to SiNx over SiO2 surfaces is more challenging due to the
higher reactivity of isolated –SiOH groups to most alkoxides, chlorosilanes, and aminosilanes.85
SiNx surfaces are populated with surface Si-NH2 groups which are known reactive sites in ALD.
5
Two molecules were tested — PITC and TMH. Both of these molecules are known to readily react
with primary amines (–NH2).
204,257,277–281 Similar to the previous section, the reaction selectivity





. The SiNx:SiO2 attachment selectivity was ≫10 and ∼2.6
for TMH and PITC, respectively. TMH was completely selective to SiNx over SiO2 surfaces, and
both the surface termination and reaction mechanism are described in detail below. PITC has a
lower selectivity value than TMH since it reacts with both Si-NH2 groups as well as isolated –SiOH
groups on the SiNx and SiO2 surfaces, respectively as observed in Figure C.4.
Table 5.2 Molecules screened in this work for selective gas-phase functionalization of PECVD
SiNx over PECVD SiO2 surfaces at a surface temperature of 70
◦C.












Figure 5.4a shows the infrared absorbance change for plasma-deposited SiNx and SiO2 surfaces
exposed to TMH at a substrate temperature of 70 ◦C. Similar to the spectra in Figure 5.3a, the
reference spectrum was recorded for the surface immediately before TMH exposure. In order of
increasing wavenumber, in Figure 5.4a, the sharp increase in absorbance at ∼1360 cm−1 is assigned
to the asymmetric deformation mode of the tertiary butyl group –C(CH3)3.
282 The broad mode at
∼1480 cm−1 is assigned to a combination of the aliphatic asymmetric deformation mode of –CH3
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and –CH2– vibrations.
228,229 The broad increase from ∼1550–1780 cm−1 is assigned to >C=N-
stretching vibrations in the imine bond.231,283 The strong increase in absorbance from ∼2800 –
3000 cm−1 in the –CHx asymmetric and symmetric stretching vibrations further indicates the
addition of TMH to the surface. Interestingly, there is a broad increase in absorbance at ∼3250
cm−1, which indicates the addition or creation of –NHx species on the SiNx surface.
212,260 The
negligible amount of TMH attachment to the SiO2 surface in Figure 5.4a may be due to some cross
contamination of N into SiO2 during PECVD, or due to some residual SiNx on the KBr windows
of the chamber that provide optical access for the infrared setup (see Experimental Section).
Figure 5.4 (a) Infrared absorbance change for 3,5,5-trimethylhexanal exposure onto a SiNx (top
red) and SiO2 (bottom blue) surface at 70
◦C. The reference spectrum was the surface immediately
prior to hexanal exposure. (b) Representative schematic of the SiNx and SiO2 surface showing the
surface functional groups on the SiNx surface after TMH exposure.
Figure 5.4b shows a representative schematic of the surface of SiNx and SiO2 after exposure
to TMH. Using the identified vibrational modes as well as previous studies, we show that TMH
undergoes a reaction with surface –NH2 groups on the SiNx surface to form an imine linker Si-
N=CH- and H2O as the byproduct.
257,281 This surface termination accounts for the increase in all
of the vibrational modes in Figure 5.4a except for the increase in the –NHx stretching region at
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∼3250 cm−1. If TMH reacts with surface –NH2 groups then this region should show a decrease
in absorbance. Thus, there must be another reaction pathway where –NH2 species are converted
to –NH species. We have shown previously that due to the higher absorption cross-section for the
stretching vibrations of the surface –NH groups compared to surface –NH2 groups, this conversion
leads to an increase in absorbance in the NHx stretching region even though there is a decrease in
the total number of N-H bonds.5,149,150,212,213
Figure 5.5 Reaction pathway of an aldehyde or ketone with a primary amine showing all interme-
diate complexes until the formation of the final imine bond.
It is well known that in an acidic solution, aldehydes and ketones react with a primary amine
to form an imine and H2O as a byproduct (see Figure 5.5). This complex reaction has been
well studied, and the various intermediates are known.233,257,281 Briefly, the lone electron pair
on the N atom facilitates the formation of a bond with the C in the aldehyde/ketone forming
a dipolar intermediate with a negatively charged O atom. This O atom then abstracts the H
from the positively charge –NH+2 -R3 forming a relatively stable aminoalcohol intermediate (see
Figure 5.5).233 H+ from the acidic solution catalyzes the formation of H2O (see Figure 5.5), which
then leads to the >C=N- bond formation to satisfy the empty orbital on the C atom. On a surface,
we hypothesize that this reaction can lead to the formation of both the aminoalcohol as well as
imine as stable surface bonding configurations. The imine formation is confirmed by the broad
increase in absorbance at ∼1550–1780 cm−1,283 and the aminoalcohol is confirmed by the increase
in absorbance for the NHx stretching vibrations at ∼3250 cm
−1.284 Additionally, a broad and slight
increase in absorbance is observed at higher wavenumbers (∼3400-3600 cm−1) which indicates the
addition of –OH groups, although this increase is partially swamped due to the baseline shift in
this region.285
Similar to the CAZ functionalization of SiO2 described in detail above, aldehydes may not be
the most suitable blocking molecules on the SiNx surface for H2O-based area-selective ALD on
another surface. The reaction shown in Figure 5.5, is reversible,233 thus it follows that repeated
H2O dosing during ALD will remove the grafted aldehyde from the SiNx surface, thus lowering the
overall ALD growth selectivity. Moreover, the presence of aminoalcohols on the surface provides
reactive sites for metal precursors used for ALD.5,193,228 However, this aldehyde functionalization of
SiNx over SiO2 surfaces may provide adequate blocking of the SiNx surface during an etch process
or an area selective growth process that does not use H2O as the O source.
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Similar to the CAZ molecule, the complex backbonding environment of the –CH3 groups in
TMH makes it challenging to determine the density of TMH groups on the SiNx surface after
functionalization. Thus, to determine the number density, we calculate the number of added -
C(CH3)3 groups. The -C(CH3)3 deformation vibrational mode is observed at ∼1367 cm
−1 (see
Figure 5.4a and Figure C.5). Since one -C(CH3)3 group is added to the SiNx surface per grafted









where |A′(ν)|) is the integrated absorbance (cm−1) of the –C(CH3)3 feature at ∼1367 cm
−1 (see
Figure C.5), and σ−C(CH3)3 is the infrared absorbance cross section of this –C(CH3)3 deformation
vibrational mode (cm2/mol).
Similar to –SiOH groups, the infrared absorbance cross section for –C(CH3)3 remains a point of
contention in the literature for the same reason: these vibrational modes can overlap with adjacent
vibrational modes (Figure C.5). McMurry et al.286 determined the infrared absorbance cross-section
of the –C(CH3)3 deformation vibrational mode as 8.0 × 104 cm2/mol, but the authors noted this
cross section can vary depending on overlapping absorptions and generally is accepted to be in the
range of 6.4 – 11.0 × 104 cm2/mol.286 Using the reported infrared absorbance cross-section, we
calculated the surface density of TMH on the SiNx surface as ∼9.8 × 1014 cm−2 which is the same
order of magnitude as that of CAZ on the SiO2 surface.
5.5 Conclusions
We used in situ ATR-FTIR spectroscopy to determine the overall attachment selectivity for
various molecules to SiO2 over SiNx and SiNx over SiO2 surfaces from the gas phase. Specifically,
we showed that at a substrate temperature of 70 ◦C, the cyclic azasilane preferentially reacted with a
–SiOH terminated SiO2 surface over a SiNx surface with a selectivity of ∼5.4. This cyclic azasilane
terminates the SiO2 surface with a secondary amine (-NH-CH3). The partial oxidation of SiNx
surfaces, which created surface –OH groups limits the reaction selectivity of CAZ. Additionally,
we showed that TMH reacted with SiNx over SiO2 surfaces with extremely high selectivity, ≫10.
The small amount of TMH that appears to react with the SiO2 surface may be due to surface
N contamination during PECVD or due to some residual SiNx on the infrared transparent KBr
windows of the chamber. This branched aldehyde, TMH, reacts with surface Si-NH2 groups to
form surface imine groups (Si-N=CH-) and aminoalcohols.
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CHAPTER 6
GAS-PHASE SURFACE FUNCTIONALIZATION OF SINx WITH BENZALDEHYDE TO
INCREASE SIO2 TO SINx ETCH SELECTIVITY IN ALE
Adapted from a letter to be submitted to Journal of Vacuum Science and Technology¶¶
Ryan J. Gasvoda,† Zhonghao Zhang,‡
Eric A. Hudson,‡§ and Sumit Agarwal†,§
The previous chapter was the first major step in developing a selective etch process that uses
selective surface functionalization to block etching on the non-etch surface. Until recently, we were
simply testing this selective etch process in a fundamental proof-of-concept type manner. Chapter
2 demonstrated that we can etch SiO2 in our chamber and Chapter 3 showed that we can in
fact functionalize SiO2 through the gas phase. Chapter 4 demonstrated that functionalization of
SiO2 with a hydrocarbon will lead to a reduction in the overall etch and even the formation of
an etch stop layer in a few ALE cycles. Chapter 5 provided the final missing piece to this puzzle,
identification of molecules that selectively react with SiO2 (cyclic azasilanes) and SiNx (aldehydes)
from in a heterogeneous gas-solid reaction. All that is left is to actually prove this process works
and will improve SiO2 to SiNx etch selectivity by pre-functionalizing the SiNx surface prior to the
start of ALE. In this work, we prove exactly that: selectively functionalizing a SiNx surface with
an aromatic hydrocarbon leads to a reduction in the net etch of SiNx without affecting the etch of
SiO2. In other words, overall SiO2 to SiNx selectivity increases. Under the ALE conditions in this
work, the overall etch selectivity more than doubles, increasing from ∼2.1 to ∼4.5, for our target
etch of ∼15 nm of SiO2. As discussed in Chapter 1, a carbon rich residue naturally accumulates on
the SiNx surface. This residue accumulation is a consequence of the removal pathways and ejection
of C from the SiO2 and SiNx surfaces. All of this carbon inhibits etching and after accumulating to
a certain degree it will act as an etch stop. A careful analysis of the infrared spectrum after etching
on the bare and functionalized SiNx shows that there is more graphitic carbon on the functionalized
surface than the bare case. This extra graphitic carbon is not simply a measurement of the added
carbon from the aromatic hydrocarbon, but a result of the ALE process. Thus, functionalization
catalyzes the accumulation of an etch stop layer on SiNx leading to higher overall SiO2 to SiNx
etch selectivity. Since this is the first successful experimental demonstration of increasing overall
SiO2 to SiNx etch selectivity via selective surface functionalization, we will publish this work as
a short letter in order to deliver this learning to the plasma etching field. However, there are
challenges that must be addressed in order for this process to be implemented into a high volume
manufacturing environment, but this is a first concrete step showing that this approach will increase
etch selectivity.
¶¶This abstract, letter body, and supporting information will be submitted as is to the journal.
The final copyright of the paper will be Copyright 2021 American Vacuum Society
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6.1 Abstract
We show that functionalization of a SiNx surface with benzaldehyde can be used to increase
the overall SiO2 to SiNx etch selectivity during atomic layer etching (ALE). The surface reactions,
composition, as well as film thickness during ALE were monitored using in situ surface infrared
spectroscopy and in situ four-wavelength ellipsometry. Prior to ALE, we show that benzaldehyde
can selectively populate a plasma-deposited SiNx surface with benzene rings through a self limiting
reaction with surface –NHx (x = 1, 2) groups, while no reaction occurs with –OH groups on a
plasma-deposited SiO2 surface. Using alternating cycles of a C4F8/Ar and a rf-biased Ar plasma,
ALE was performed on bare and benzaldehyde-exposed SiNx and SiO2. Over the first 16 ALE cycles,
the SiO2 to SiNx etch selectivity increase from ∼2.1 to ∼4.5 due to the selective functionalization
of the SiNx surface with benzaldehyde. Detailed analysis of the infrared spectra for bare and
benzaldehyde-functionalized SiNx surfaces show that benzaldehyde promotes the formation of a
more graphitic hydrofluorocarbon film on the SiNx surface, which suppresses etching.
6.2 Letter
The sub-7-nm semiconductor processing node presents an array of complex challenges through-
out the fabrication sequence due to the wide variety of new materials and architectures, and shrink-
ing device dimensions.4–8,55 To satisfy the increasingly stringent requirements on pattern transfer
with reactive ion etching (RIE), plasma-assisted atomic layer etching (ALE) is slowly replacing
RIE7,55,251 for a wide variety of materials such as Si, SiO2, SiNx, Al2O3 and HfO2.
7,25,32,51,78,91,102
For wider integration of ALE into device manufacturing, there is a critical need to develop highly
material selective, anisotropic ALE processes.91,102,251
SiO2 and SiNx are some of the most commonly used materials in semiconductor device manufac-
turing. Processes are needed to etch each film with extremely high selectivity to each other. Both
SiO2 and SiNx may be selectively etched using similar fluorocarbon based plasma chemistries.
251
During etching, a fluorocarbon film accumulates on the SiO2 and/or SiNx surface: the com-
position, microstructure, and the thickness of this fluorocarbon film controls the etch selectiv-
ity.6,71,82,91,102,138,251 Various process knobs can be used to enhance the SiO2 or SiNx etch selec-
tivity in RIE and ALE but the corresponding mechanisms that lead to enhanced etch selectivity
are not completely understood.251 During selective SiO2 etching with a fluorocarbon plasma, the
SiO2 surface readily consumes both the C and F in the surface fluorocarbon film forming volatile
etch products such as CO2, CO, and SiF4.
51,63 During these selective etch conditions, on the SiNx
surface, C in the surface fluorocarbon film is not readily removed compared to F since both the
Si- and N-containing etch products such as FCN and SiF4 preferentially consume F.
51 As a result,
during selective RIE and ALE of SiO2, a thick graphitic hydrofluorocarbon film accumulates on the
SiNx surface, which impedes SiNx etching.
73,75,102 However, this etch inhibiting layer is not present
on the SiNx surface at the beginning of the etch process, and thus a few nanometers of SiNx is
etched prior to complete etch stop.51,91,102 In some applications in device manufacturing, such as
the self-aligned contact etch approach, this initial loss of SiNx can negatively affect device perfor-
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mance.55,251 Thus, during selective etching of SiO2, it is necessary to minimize initial SiNx etching
prior to the formation of the etch stop film. To lower the initial loss of SiNx during ALE of SiO2
over SiNx, we have proposed a selective surface functionalization method that borrows from area
selective atomic layer deposition.34 We previously demonstrated the viability of this approach by
functionalizing an SiO2 surface with a hydrocarbon, which led to etch retardation under nominally
similar conditions compared to a bare SiO2 surface.
34 However, in this previous work we did not
demonstrate enhanced etch selectivity compared to another surface.
In this Letter, we demonstrate that selective surface functionalization of SiNx over SiO2 can be
used to enhance the overall etch selectivity. In this approach, schematically depicted in Figure 6.1,
the goal is to rapidly catalyze the formation of an etch inhibiting film on the SiNx surface to limit
initial SiNx loss. In the first step, we selectively pre functionalize the SiNx surface with an aromatic
hydrocarbon prior to the start of ALE (see Figure 6.1a). This grafted hydrocarbon essentially
accelerates accumulation of graphitic carbon on the SiNx surface, which is necessary for a complete
etch stop. Recently, we showed that aldehydes257,281 delivered from the gas phase selectively react
with the SiNx surface over SiO2.
287 Benzaldehyde in particular is used in this work since it attaches
sp2-hybridized C to the SiNx surface with minimal H. We speculate that an abundance of additional
H from an aliphatic or branched aldehyde would lead to SiNx etch promotion since H is known to
open additional pathways for C removal from the SiNx surface.
137,138,251 The ALE process consists
of a fluorocarbon (CFx) deposition half-cycle from a C4F8/Ar plasma followed by the activation half-
cycle from a pure rf-biased Ar plasma. The surface composition and overall attachment selectivity
of benzaldehyde to SiNx over SiO2 surfaces is studied using in situ attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy. The role of benzaldehyde on the SiNx surface
composition after etching, and SiO2 to SiNx etch selectivity is probed using a combination of
in situ ATR-FTIR spectroscopy and in situ four-wavelength ellipsometry. Specifically, we show
that the hydrofluorocarbon on the benzaldehyde-functionalized SiNx surface after ALE is more
graphitic than the hydrofluorocarbon residue formed on the bare SiNx surface [see Figure 6.1c],
which accounts for the improvement in overall SiO2 to SiNx etch selectivity.
Figure 6.2 shows the infrared absorbance change for reaction of benzaldehyde (Sigma-Aldrich
>99%) with plasma-deposited SiNx and SiO2 surfaces at a substrate temperature of 70
◦C and
a dose of ∼150 Torr·s. A reference spectrum was collected immediately prior to benzaldehyde
exposure; therefore, any increase in absorbance indicates the addition of species to the surface and
any decrease indicates the removal or reaction of species originally on the surface. In Figure 6.2a,
in the infrared spectrum recorded after benzaldehyde exposure of the SiNx surface, a large and
broad increase in absorbance is observed over ∼1500–1750 cm−1, which can be assigned to –C=C–
stretching modes of the benzene ring in benzaldehyde and –CH deformation modes.206–208,210,288–290
In this broad feature, the shoulder at ∼1690 cm−1 is assigned to the stretching vibrations of
an imine (N=C) back bonded to Si (Si–N=CH–).257,281 This vibrational mode indicates reaction
of the aldehyde produces an imine bond and with H2O released as the byproduct.
233 The –CH
stretching vibrations at ∼3070 cm−1 correspond to a benzene ring further confirming the reaction of
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Figure 6.1 Schematic showing our approach to material selective ALE of SiO2 over SiNx. (a) The
starting functional groups on plasma-deposited SiO2 and SiNx surfaces. (b) The –SiNHx terminated
SiNx surface is selectively functionalized by an aromatic aldehyde such as benzaldehyde. (c) During
ALE, the unmodified SiO2 film is etched while the aromatic aldehyde accelerates the formation of
an etch inhibiting graphitic hydrofluorocarbon film on the SiNx surface.
benzaldehyde with the SiNx surface.
207,288 The weak feature at ∼2875 cm−1 is assigned to stretching
vibrations of –CH back bonded to an aliphatic hydrocarbon of the aldehyde functional group due to
the formation of an aminoalcohol [see Figure 6.2b].233,289 We speculate that aminoalcohol groups,
where the second H2O elimination step does not occur, are formed due to reaction with surface
–NH groups or an incomplete reaction with surface –NH2 groups. The large and broad increase
at ∼3300 cm−1 is assigned to –NHx (x = 1, 2) stretching vibrations further corroborates the
formation of aminoalcohols group on the surface [see Figure 6.2(b)].206 We have shown previously
that due to the higher absorption cross-section for the stretching vibrations of the surface –NH
groups compared to surface –NH2 groups, this conversion leads to an increase in absorbance in
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the NHx stretching region even though there is a decrease in the total number of N-H bonds [-
NH2 reacts form to -NH- see Figure 6.2(b)].
5,149,150,212,213 Therefore, this increase in absorbance
indicates that the primary reactive site for both surface terminations is surface –NH2 groups. The
slight shoulder at ∼3500 cm−1 can be assigned to an increase in hydrogen bonded –OH groups
in the aminoalcohol.85,193,206,207,228 Regardless of the exact ratio of aminoalcohol to imine surface
linkages, benzaldehyde readily populates the SiNx surface with an abundance of sp
2 hybridized
carbon. The small amount of benzaldehyde attachment to the SiO2 surface may be due to some
cross contamination of N into SiO2 during plasma deposition, or due to some residual SiNx on the
KBr windows of the chamber that provide optical access for the infrared setup (Appendix D).
Figure 6.2 (a) Infrared absorbance change after exposure of SiNx (green) and SiO2 (blue) surfaces to
benzaldehyde. The reference spectrum corresponds to the plasma-deposited surface immediately
prior to benzaldehyde exposure. (b) Reaction schematic of benzaldehyde with –SiNH2 groups
showing the possible stable intermediate aminoalcohol and final imine termination.
Figure 6.3a shows the net thickness etched for both SiO2 and SiNx as a function of the ALE
cycle number for bare plasma-deposited surfaces and after exposure to benzaldehyde. During this
ALE process, 0.45 nm of a CFx film was deposited from a C4F8/Ar (7 sccm C4F8, 100 sccm Ar)
plasma at ∼11 mTorr with no applied radio-frequency (rf) bias to the substrate. The etching of
the underlying film was activated with an Ar plasma at ∼10 mTorr with a self-bias in the first
two cycles and an applied bias of -50 V in all subsequent cycles. Film thickness during plasma
deposition and etching was monitored with in situ four-wavelength ellipsometry. The CFx film
and the underlying dielectric were fitted as a single Cauchy layer with a fixed refractive index.34,84
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As etching proceeds, excess graphitic hydrofluorocarbon accumulates on the SiNx, which makes
it difficult to fit the graphitic hydrofluorocarbon layer and SiNx with a simple Cauchy model.
34
Therefore, the net etch of SiNx was calibrated using the intensity of the Si-N-Si phonon band
observed at ∼870 cm−1 in the infrared spectra. The SiNx thickness calibration curve was obtained
by fitting a linear relationship between the height of the Si-N-Si phonon mode in the infrared and the
thickness measured through ellipsometry during plasma deposition of SiNx (Appendix D).
34,84,85
In Figure 6.3a, the baseline case, which is ALE on bare plasma-deposited surfaces, the net etch
of bare SiO2 and SiNx after 16 ALE cycles is ∼15.3 and ∼7.2 nm, respectively, which provides
a baseline selectivity value of ∼2.1 for SiO2 etching over SiNx (Appendix D). While much higher
selectivity values, >10, have been reported in the literature, these values are generally reported
after a much higher number of ALE cycles and not during initial etching where several nanometers
of SiNx can be etched prior to a complete etch stop.
251 None of the process knobs in ALE create
an etch stop layer on the SiNx in the first few ALE cycles, and there is always some nominal loss
of SiNx, especially when the average and maximum ion energy in the Ar plasma activation step
(∼50 and ∼80 eV) is above the sputtering threshold of SiNx. Therefore, an etch selectivity of
∼2.1 for SiO2 over SiNx provides a good baseline for evaluating the influence of selective surface
functionalization of SiNx on the overall etch selectivity.
Figure 6.3a shows that net etching of SiO2 surface after exposure to benzaldehyde is very similar
to ALE on bare SiO2, which is expected since benzaldehyde does not react with SiO2 surfaces (see
Figure 6.2). Additionally, to eliminate any effects during ALE due to benzaldehyde adsorption on
the chamber walls, the samples were removed from the process chamber, stored under vacuum,
and the chamber cleaned with an O2/SF6/Ar plasma. The sample was then reintroduced into
the chamber prior to ALE. On the other hand, for the benzaldehyde-functionalized SiNx surface,
the net etch is severely inhibited: the net etch of SiNx is reduced from ∼7.2 to ∼3.7 nm under
nominally similar ALE conditions. This SiNx etch reduction in combination with no measurable
effect on SiO2 etch leads to an increase in overall SiO2 to SiNx etch selectivity from ∼2.1 to ∼4.5.
Figure 6.3b shows the infrared absorbance change obtained using in situ ATR-FTIR spec-
troscopy on the bare and benzaldehyde-functionalized SiNx surfaces. These spectra show the cu-
mulative effect of the 16 ALE cycles on the surface chemical composition. For the bare SiNx surface,
upon etching, a large decrease in absorbance is observed at ∼860 cm−1, which is assigned to the
Si-N-Si phonon mode.149,260–263 The decrease in absorbance at ∼1190 cm−1 is assigned to the NH
bending mode in Si-NH-Si species present in bulk SiNx.
149,260–263 The decrease at ∼3350 cm−1 is
assigned to -NHx (x = 1, 2) stretching vibrations.
260 These three features represent SiNx etching
during the ALE process. After 16 ALE cycles on bare SiNx, the slight increase in absorbance from
∼1250–1850 cm−1 [see inset in Figure 6.3] is assigned to a combination of CFx and sp
2-hybrized
C species (-C=C-, F2C=C<, F2C=CF-)
34,72,79,80,251 which indicates a thin etch-inhibiting film is
slowly accumulating on the SiNx surface: this is consistent with the ellipsometry data in Figure 6.3,
which shows that the etch per cycle for bare SiNx decreases after the 4th ALE cycle.
64,73,75,91,102
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Figure 6.3 (a) Net etch of SiO2 and SiNx surfaces as a function of ALE cycles. The closed symbols
represent the net etch during ALE of bare plasma-deposited SiNx (circle) and SiO2 (square) films,
respectively. The open symbols, represent the net etch for ALE on benzaldehyde exposed SiNx and
SiO2, respectively. The error bars correspond to the variability observed over three experiments. (b)
Infrared absorbance change after 16 ALE cycles for a bare (black) and benzaldehyde-functionalized
(red) SiNx surface. The reference spectrum corresponds to the plasma-deposited SiNx surface prior
to the first ALE half-cycle. The inset shows the stretching modes of sp2-hybridized C in the etch
inhibiting film.
For ALE on the benzaldehyde-functionalized SiNx surface, a significantly smaller decrease in
absorbance is observed for the Si-N-Si vibrational phonon mode indicating etch inhibition compared
to the bare SiNx film. After 16 ALE cycles, the net decrease in absorbance for the Si-N-Si phonon
band is ∼40% of the decrease observed for the bare SiNx surface. Additionally, there is a larger
increase in absorbance from ∼1200 – 1850 cm−1, which is attributed to the accumulation of a thicker
etch inhibiting graphitic hydrofluorocarbon film on the benzaldehyde functionalized SiNx surface
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[see inset in Figure 6.3b].34,72,79,80,158,251 Note, since the reference spectrum was the benzaldehyde
functionalized SiNx surface, this extra C accumulation is a result of the ALE process and not simply
a measurement of the grafted benzaldehyde, which also has vibrational modes in this region. This
reduction in overall net etching and greater graphitic hydrofluorocarbon film accumulation leads
to an increase in SiO2 over SiNx etch selectivity (Figure 6.3a).
In summary, we demonstrate that by selectively functionalizing the SiNx surface with an aro-
matic aldehyde (benzaldehyde), the overall SiO2 to SiNx ALE selectivity increased from ∼2.1 to
∼4.5 under nominally similar ALE conditions. The infrared spectrum of the SiNx surface after ben-
zaldehyde exposure shows two bonding configurations: an imine (Si-N=C<) and an aminoalohol
(Si-NH-COH-). After16 ALE cycles, compared to a bare SiNx surface, benzaldehyde attachment
to the SiNx surface led to a reduction in the amount etched from ∼7.2 to ∼3.7 nm. Due to the
grafted hydrocarbon on the SiNx surface, a thicker graphitic hydrofluorocarbon film accumulates
on the benzaldehyde-functionalized SiNx surface compared to the bare SiNx surface. Thus, selec-
tive surface functionalization can be combined with inherent etch selectivity obtained through the
gas-phase plasma chemistry to enhance the overall etch selectivity, and to prevent initial material
loss of the non-etch surface.
See Appendix D for experimental details and the ion energy distribution functions of the acti-
vation half cycle with and without an applied rf-bias.
We would like to thank Lam Research Corporation for funding this work.
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CHAPTER 7
SURFACE FUNCTIONALIZATION DURING ALE TO ENHANCE
SIO2 TO SINx ETCH SELECTIVITY
Adapted from a letter to be submitted to Journal of Vacuum Science and Technology∗∗∗
Ryan J. Gasvoda,† Xue Wang,† Prabhat Kumar,‡
Eric A. Hudson,‡§ and Sumit Agarwal†,§
This chapter contains the last and final contribution to this work. In the previous chapters, we
started with a basic ALE process to etch SiO2. Chapter 3 and 4 showed that we can functionalize
that SiO2 surface with a hydrocarbon and that hydrocarbon in turn will lower the overall etch of
SiO2. We then found two molecules cyclic azasilanes and aldehydes that we can use selectively
functionalize each Si based surface with a hydrocarbon tail. In order maximize the effect of surface
functionalization on the SiNx, we used an aromatic aldehyde to inhibit etching of SiNx. This etch
inhibition coupled with no effect on the SiO2 surface led to an increase in etch selectivity. However,
there are certain limitations to the results shown in Chapter 6 that must be addressed before
taking this benzaldehyde functionalization approach to the wafer scale and feature type process
development. First, we have only used C4F8 as the parent fluorocarbon gas which deposits CFx
films with a high F-to-C ratio. As discussed heavily in Chapter 1, this high F-to-C ratio is not
conducive to creating highly selective etch processes. Therefore, for this work, we changed the
parent fluorocarbon gas from C4F8 to C4F6 which is typically used to etch SiO2 to SiNx selectively.
Further, we increased the average and maximum ion energy in the Ar plasma activation step from
∼51 eV to ∼208 eV. Although low average ion energy Ar plasma activation half-cycles will etch
planar films with atomic-scale precision and low damage, high average ion energies are employed in
high aspect ratio feature etching. Low ion energy ALE processes do not have high etch fidelity in
high aspect ratio structures. Further, there are other limitations to the selective functionalization
approach demonstrated in the previous chapter. Namely, this selective functionalization approach
relies on separate functional groups on the SiO2 and SiNx surfaces which is challenging since the
reactive -SiNH2 groups readily oxidize to -SiOH groups upon exposure to atmosphere, the same
as a typical SiO2 surface. Additionally, most applications for selective SiO2 to SiNx etching are
etch approaches where a ∼5-10 nm SiO2 layer is on top of the SiNx film. In other words, a
functionalization step prior to ALE is not possible since the SiNx surface is either oxidized or
buried under an SiO2 layer. This is commonly observed in the self-aligned contact etch described
in Chapter 1. For this selective functionalization method to become useful, we must demonstrate
the ability to selectively functionalize the SiNx surface after exposure to the etch process.
∗∗∗This abstract, letter body, and supporting information will be submitted after editing.
The final copyright of the paper will be Copyright 2021 American Vacuum Society
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7.1 Abstract
Selective functionalization of SiO2 and SiNx surfaces is challenging after atmospheric exposure
or after exposure to an etching plasma chemistry as both surfaces tend to have similar functional
groups. Here, we show that a SiNx surface can be selectively functionalized over SiO2 with ben-
zaldehyde after the first atomic layer etching (ALE) cycle. Similar to our previous work on pristine
plasma-deposited SiO2 and SiNx surfaces, this selective functionalization can be used to increase
the overall SiO2 to SiNx etch selectivity during ALE. The surface reactions, composition, as well as
film thickness during ALE were monitored using in situ surface infrared spectroscopy and in situ
four wavelength ellipsometry. Our ALE process consisted of alternating cycles of CFx deposition
from a C4F6/Ar plasma, and an Ar activation plasma with an average ion energy of ∼210 eV. The
first ALE cycle removed the surface SiO2Ny layer on the SiNx surface and created reactive sites for
selective benzaldehyde attachment.
7.2 Letter
Due to the introduction of new materials and architectures, combined with shrinking dimensions
in the sub-7-nm semiconductor processing node, plasma assisted atomic layer etching (ALE) is
gradually replacing certain pattern transfer steps based on reactive ion etching (RIE).4–8,55,251 ALE
typically consists of two half-cycles — a surface modification half-cycle followed by an activation
half-cycle, resulting in net removal of a material.7,291 Plasma-assisted ALE processes are required
for anisotropic etching processes.15 Through considerable learning and process development over
the last decade, plasma-assisted ALE has been implemented into high-volume manufacturing for
etching materials such as Si, SiO2, SiNx, Al2O3, Ni and GaN.
7,25,32,51,78,91,102,105,106,292–296 However,
complete etch selectivity during pattern transfer remains challenging, particularly for high-aspect
ratio trenches and vias.91,102,251
SiO2 and SiNx are two of the most commonly used dielectrics in semiconductor devices. Etch
selectivity during SiO2 and SiNx etching can be increased through optimization of the feed gas
composition and plasma parameters.251 Plasma-assisted ALE of both SiO2 and SiNx consists of a
CFx deposition step from a fluorocarbon plasma followed by an Ar plasma activation step. Etch
selectivity of SiO2 over SiNx is limited since similar fluorocarbon-based plasma chemistries are used
to etch both SiO2 and SiNx.
4,71,82,91,102,138,251 Over the course of multiple sequential ALE cycles, an
etch inhibiting graphitic hydrofluorocarbon film accumulates on the non-etch surface that creates
an etch stop (see Fig. 7.1).91,102 But prior to a complete etch stop, there is at least a few nanometers
of undesired etching of the non-etch material.51,91,102 To prevent undesired etching of the non-etch
surface, it is desirable to form the graphitic hydrofluorocarbon etch-stop film during the first few
ALE cycles.251 This initial material loss as a result of a delayed etch stop can negatively affect
device performance, especially in processes such as the fabrication of a self-aligned contact.55,251
We have previously proposed a selective surface functionalization method that borrows from
area selective deposition to increase the overall SiO2 to SiNx etch selectivity.
34,251 We demonstrated
this approach by functionalizing a SiO2 surface with a hydrocarbon, which led to etch retardation
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Figure 7.1 Schematic of an ALE process for selectively etching SiO2 over SiNx. (a) The starting
SiO2 and SiNx surfaces with the reactive –OH groups on both surfaces due to surface oxidation of
the SiNx film under ambient exposure. (b) Selective etching after “n” number of ALE cycles. In
our ALE process, for an average ion energy of ∼210 eV during the activation step, for a target etch
of ∼15 nm for SiO2, ∼12 nm of SiNx is etched prior to a complete etch stop.
compared to a bare SiO2 surface under nominally similar etch conditions.
34 More recently, we
demonstrated that selective pre-functionalization287 of plasma-deposited SiNx with benzaldehyde
led to an increase in SiO2 to SiNx selectivity from ∼2.1 to ∼4.5. However, selective functionaliza-
tion of SiO2 or SiNx surfaces is challenging if they have been exposed to either the atmosphere or
a fluorocarbon plasma. Atmospheric exposure of SiNx surfaces is known to create a “skin” layer of
SiO2Ny
265,266,287 with reactive surface –SiOH sites similar to SiO2 [see Fig. 7.1(a) and 7.2(a)]. Dur-
ing selective ALE of SiO2 over SiNx, a graphitic hydrofluorocarbon film accumulates on SiNx leading
to an etch stop [see Fig. 7.1]. However, a minimal carbon-rich residue is known to also remain on
the SiO2 surface after the Ar plasma activation step, but this film will not impede nor lead to an
etch stop layer on SiO2 under typical ALE conditions unlike the SiNx surface.
13,15,22,25,78,91,101–107
Thus, due to etching, the reactivity of SiO2 and SiNx surfaces after a few ALE cycles becomes very
similar.
In this letter, we demonstrate that our selective functionalization approach can be extended to
plasma-deposited SiO2 and SiNx surfaces that have been exposed to the atmosphere and one ALE
cycle consisting of a C4F6/Ar plasma half-cycle followed by an Ar plasma activation half-cycle at an
average ion energy of ∼210 eV. The first ALE cycle removes the SiO2Ny layer on the SiNx surface
[Fig. 7.2(b)]. In addition to the SiNx surface, this ALE cycle also leaves a carbon-rich residue on
the SiO2 surface. We show that despite the presence of this residue on both the SiO2 and SiNx
surfaces, benzaldehyde can still be selectively grafted onto the SiNx surface [Fig. 7.2(c)]. However
this attachment selectivity of benzaldehyde is less than on pristine plasma-deposited surfaces. This
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additional hydrocarbon catalyzes the formation of an etch inhibiting graphitic hydrofluorocarbon
film on the SiNx surface, with a minimal effect on the SiO2 surface. Thus, even for non-pristine
surfaces, the etch selectivity for SiO2 over SiNx can still be improved by catalyzing the formation
of an etch inhibiting film on the SiNx surface with benzaldehyde [Fig. 7.2(a)-7.2(d)]. The surface
composition and overall attachment selectivity of benzaldehyde to SiNx over SiO2 surfaces is studied
using in situ attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. The
role of benzaldehyde functionalization during the ALE process on the overall SiO2 to SiNx etch
selectivity is probed using in situ four-wavelength ellipsometry.
Figure 7.3 show the infrared absorbance change for reaction of benzaldehyde (Sigma Aldrich
>99%) with various SiNx and SiO2 surfaces at a substrate temperature of 70
◦C and a dose of
∼10 Torr·s. A reference spectrum was collected immediately prior to benzaldehyde exposure. The
reaction mechanism has been described in detail previously.287 Briefly, aldehydes selectively attach
to surface –NHx (x = 1, 2) groups on the SiNx surface, while no reaction can occur with the –OH
groups on the SiO2 surface. In the spectrum for exposure of an as deposited SiNx surface to ben-
zaldehyde, a strong and broad increase in absorbance is observed from ∼1500–1700 cm−1, which can
be assigned to –C=C– stretching modes of the benzene ring in benzaldehyde and –CH deformation
modes. In this broad feature, the shoulder at ∼1690 cm−1 is assigned to the stretching vibrations
of an imine (N=C) back bonded to Si (Si–N=CH–).257,281 This vibrational mode indicates reaction
of the aldehyde produces an imine bond and with H2O released as the byproduct.
233 We previously
reported that the selectivity for attachment of benzaldehyde to SiNx over SiO2 surfaces is gg10
for pristine plasma-deposited surfaces. Since benzaldehyde cannot react with surface –OH groups
on SiO2, the small amount of benzaldehyde that attaches to the plasma-deposited SiO2 surface
[see Fig. 7.3(b)] is most likely due to a small amount of –NHx (x = 1, 2) groups on the SiO2
surface: these –NHx (x = 1, 2) groups are likely incorporated into the plasma-deposited SiO2 due
to some residual SiNx even after an extensive chamber cleaning process (see Supplementary Infor-
mation). In a control experiment, we exposed the plasma-deposited SiNx and SiO2 films and to the
atmosphere for 90 min. The ratio of the integrated absorbance in the 1500–1700 cm−1 region for
atmosphere-exposed and pristine SiNx surfaces after exposure to benzaldehyde is ∼0.15 [see Fig.
7.3(a)]. We attribute the decrease in benzaldehyde attachment to the loss of reactive –NHx (x =
1, 2) sites on the SiNx surface due to surface oxidation, which likely produced surface –OH groups.
As expected, the SiO2 surface remains unreactive to benzaldehyde after atmospheric exposure [see
Fig. 7.3(b)]. Thus, the negligible attachment of benzaldehyde to the SiNx surface after atmospheric
exposure renders our hydrocarbon pre-functionalization approach ineffective. Therefore, the SiNx
surface has to be etched to remove the surface SiO2Ny layer prior to selective hydrocarbon func-
tionalization. This approach will also be effective in selectively etching SiOx/SiNy structures where
the SiNx layer is buried underneath SiO2. In these structures, SiO2 is etched up to a certain depth
before the SiNx layer is exposed. This uncovered SiNx layer, which was already been exposed to
the ALE process, would then have to be selectively functionalized with a hydrocarbon. Therefore,
we study selective benzaldehyde functionalization of SiNx over SiO2 after both surfaces have been
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Figure 7.2 Schematic of an ALE process to enhance selective etching of SiO2 over SiNx. (a) The
starting SiO2 and SiNx surfaces with the reactive –OH groups on both surfaces due to surface
oxidation of the SiNx film under ambient exposure. (b) One complete ALE cycle is used to remove
any surface oxidation on the SiNx surface. (c) Selective benzaldehyde functionalization of the SiNx
surface. The attachment selectivity is limited due to surface damage and residual carbon on both
surfaces. (d) Selective etching after “m” number of ALE cycles. In our modified ALE process, for
an average ion energy of ∼210 eV during the activation step, for a target etch of ∼15 nm for SiO2,
∼7 nm of SiNx is etched prior to a complete etch stop.
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etched in one complete ALE cycle. These experiments would also help evaluate if the SiNx surface
can be selectively functionalized with benzaldehyde after every few ALE cycles to ensure negligible
loss of SiNx.
Figure 7.3 Infrared absorbance change after exposure of SiNx (a) and SiO2 (b) surfaces to ben-
zaldehyde. For each spectrum, the reference spectrum was collected immediately prior to the
benzaldehyde dose. From top to bottom, the reference spectra for the four cases are: as grown
“pristine” plasma deposited surfaces (black); atmosphere exposed surfaces (red); etched by one
ALE cycle (green); one Ar plasma activation half-cycle sputtering of the surfaces (blue).
The film thickness in both the deposition and activation half-cycles as well as benzaldehyde
functionalization was monitored using in situ four-wavelength ellipsometry. The CFx film and the
underlying SiO2 or SiNx films were fitted as a single Cauchy layer with fixed refractive indices of 1.46
and 1.9, respectively.5,34,84,149,212,213,260 During SiNx ALE, the thin graphitic hydrofluorocarbon film
that accumulated on the SiNx surface was also fitted as a single stack along with the underlying
SiNx film.
34,102 Figure 7.4 shows the net thickness etched of both SiO2 and SiNx as a function of the
ALE cycle number for two cases: bare plasma-deposited surfaces, and after functionalization with
benzaldehyde after the first ALE cycle. In both cases, the SiO2 and SiNx surfaces were exposed to
the atmosphere for 90 min after plasma deposition. In this work, we target a ∼15 nm etch of SiO2
which is accomplished in 17 ALE cycles. In Figure 7.4, the baseline case, which is ALE without
benzaldehyde functionalization, the net etch of SiO2 and SiNx is ∼15.8 and ∼11.7 nm, respectively
which provides a baseline selectivity value of ∼1.3 for SiO2 over SiNx. While much higher selectivity
values, gg10, have been reported in the literature, these values are generally reported after a much
higher number of ALE cycles or for SiO2/SiNx stacks.
91,102,251 Due to our low target etch thickness
for SiO2, a better quantification for evaluating this selective etch process is the loss of SiNx for a
target SiO2 etch thickness. Currently, even the most selective ALE processes for etching SiO2 over
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SiNx do not create an etch stop layer on the SiNx surface in the first few ALE cycles, which results
in etching of several nanometers of SiNx. This is especially challenging for ALE processes where the
average Ar+ ion energy during the Ar plasma activation step is well above the sputtering threshold
(∼20–30 eV)102,297 of SiNx. Therefore, our baseline selectivity for etching SiO2 over SiNx of ∼1.3
for a target etch of ∼15 nm of SiO2 is reasonable and sufficient for evaluating the impact of surface
functionalization during the ALE process.
Figure 7.4 Net Etch of SiO2 and SiNx surfaces as a function of ALE cycle. The closed symbols
represent the net etch during ALE of bare SiO2 (blue) and SiNx (green) films, respectively. The
open symbols represent the net etch for ALE on benzaldehyde exposed to a one ALE cycle etched
SiO2 and SiNx film, respectively. The inset shows the cumulative infrared absorbance change for
17 ALE cycles on bare SiNx (black) and 20 ALE cycles on benzaldehyde functionalized SiNx (red).
The reference spectrum for both spectra is the SiNx surface immediately prior to the start of ALE.
Over the course of 20 ALE cycles, the net etch of benzaldehyde exposed SiO2 was ∼15.3 nm (see
Fig. 7.4) compared to ∼15.8 nm etched for bare SiO2 in 17 ALE cycles. The effect of benzaldehyde
on the net etch of SiO2 is limited to the first 5–6 ALE cycles, which is expected since a smaller
amount of benzaldehyde reacts with an etched SiO2 surface compared to the SiNx surface [see Fig.
7.3(b)]. On the other hand, for the benzaldehyde functionalization of SiNx reduces the SiNx loss
from ∼11.7 to ∼8.2 nm under nominally similar ALE conditions and for the same SiO2 target
etch of ∼15 nm [see Fig. 7.4]. This ∼30% etch reduction of SiNx leads to an improvement in
etch selectivity from ∼1.3 to ∼1.9. More importantly, unlike ALE of bare SiNx, there is almost
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a complete etch stop observed for benzaldehyde-functionalized SiNx after ∼10 ALE cycles. We
attribute this formation of an almost complete etch stop to a thicker graphitic hydrofluorocarbon
film on the benzaldehyde functionalized SiNx surface compared to the bare SiNx surface as observed
in the inset (see Fig. 7.4). The spectra in this inset is remarkably similar to our previous work
that showed etch reduction on a pre-functionalized SiNx surface which indicates the etch reduction
is similar and a direct result of the benzaldehyde functionalization. Thus, we have shown that etch
selectivity for SiO2 over SiNx can be improved using surface functionalization during the course
of an ALE process where the surface functional groups and reactivity of both surfaces is different
than the as-deposited films.
In summary, we demonstrate that selective functionalization with benzaldehyde of atmosphere-
exposed of SiNx over SiO2 surfaces be achieved after the surfaces are etched in one ALE cycle. This
selective functionalization is sufficient to improve the overall SiO2 to SiNx etch selectivity from
∼1.3 to ∼1.9 for a target SiO2 etching of ∼15 nm. However, the surface sites for adsorption of
benzaldehyde on both surfaces remains unclear. Selective attachment of benzaldehyde to SiNx over
SiO2 could be further improved by tuning the average ion energy during the Ar activation plasma
step or by using molecules other than benzaldehyde that may provide a better initial attachment
selectivity.
See the supplementary material for experimental details and the ion energy distribution function
for the Ar plasma activation half-cycle.
We would like to thank Lam Research Corporation for funding this work.
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CHAPTER 8
CONCLUSIONS, SCIENTIFIC CONTRIBUTIONS, AND FUTURE WORK
In this final section, we briefly step back and take a bird’s eye view of this body of work, its
scientific contributions as well as areas for future research. Primarily, this thesis work provides
insight related to plasma-assisted etching of Si-based dielectrics as well as surface functionalization
of those surfaces. Prior to this, these two fields were generally not combined. Mainly, surface
functionalization was used for area-selective deposition, but not etching and selectivity in ALE
generally relied on inherent selectivity based on etch product formation and process optimization.
The first contribution to highlight is that we were able to demonstrate that plasma-assisted
ALE can be studied using in situ ATR-FTIR spectroscopy and four-wavelength ellipsometry. We
showed that the increase in the etch per cycle with increasing ALE cycle number is a consequence
of inefficient removal of the fluorocarbon from the reactor walls. This wall effect can be minimized
through process manipulation, but it was essential to show that this drift is only affecting the
second half-cycle. In other words, the deposition half-cycle is extremely reproducible. Further, we
showed that the interface between the CFx and SiO2 films are atomically abrupt which allows for
atomic-scale control of the overall etch.
For any etch or ALE process to be useful it must be selective; therefore, the bulk of this work
focused on etch selectivity. Overall etch selectivity can be boiled down to how quickly this etch stop
layer can be developed on the non-etched surface. However, there are some applications in which the
initial loss, the amount of material etched before the etch stop layer forms, is required to be as close
to zero as possible. Thus, this thesis developed a novel toolset which selectively functionalizes the
non-etch surface prior to the start of etching or during the etch process with a hydrocarbon. This
additional hydrocarbon acts as both a sacrificial layer and a catalyst for formation of an etch stop
layer. Specifically, we have identified two molecular families that selectively functionalized SiO2
and SiNx surface. Cyclic azasilanes react with -SiOH groups; therefore, these molecules selectively
functionalize SiO2 surfaces. Aldehydes react with -SiNH2 groups, thus these molecules selectively
functionalize SiNx surfaces. We then used this aldehyde based selective functionalization to increase
the overall etch selectivity of SiO2 to SiNx from ∼2.1 to ∼4.5 for a target etch of ∼15 nm of SiO2.
In this process, benzaldehyde selectively reacted with the SiNx surface, populating the surface with
benzene rings. This additional aromatic hydrocarbon facilitates and catalyzes the formation of an
etch stop layer on the SiNx surface leading to an improvement in etch selectivity.
The last thrust of this work focused on taking this selective functionalization approach to a more
industrially relevant system of substrates. Before, we generally only focused on functionalizing the
SiO2 or SiNx surface immediately after growth. In other words, we were only working with surfaces
that were never exposed to atmosphere prior to functionalization and kept under vacuum. While
those pristine surfaces are great for studying surface reactions and molecule reactivity, pristine
surfaces are generally not found in etch systems in industry. Prior to an etch process in a fabrication
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facility, multiple other processing steps are performed. Therefore, these surfaces are generally
oxidized or even covered with ∼5-10 nm of SiO2 that must be etched with extremely high selectivity
to the underlying SiNx. To test our surface functionalization approach, we selectively functionalized
the SiNx surface after the first ALE cycle. Similar to that observed on pristine surfaces, we saw
a reduction in the initial etch of SiNx as a result of benzaldehyde functionalization. However, the
selectivity of benzaldehyde attachment to SiNx surface was lower compared to the pristine surface
since benzaldehyde also functionalized the etched SiO2 surface. This minimal attachment to the
SiO2 surface led to a slight reduction in the etch of SiO2, but after <20 ALE cycles the EPC is the
same as the EPC of bare SiO2. In other words, a few extra ALE cycles are required to reach the
target etch depth, but the overall etch of SiNx is reduced by ∼30%.
It is clear that for this selective functionalization method to be implemented into high volume
manufacturing there are some areas that must be addressed. The lowest hanging fruit is related
to this exact system studied in this thesis. Benzaldehyde attachment to the etched SiNx over SiO2
surface must be higher than the current value of ∼1.7. Various passivation schemes such as a remote
H2 plasma may provide a higher selectivity for attachment by removing reactive sites on the etched
SiO2 surface. In theory this functionalization can be applied to as many ALE cycles as necessary to
form an etch stop on SiNx. When coupled with a passivation treatment that prevents grafting on the
adjacent SiO2, this will significantly decrease the SiNx etch prior to the etch stop layer forming. We
speculate that this SiNx loss can be minimized to < 2 nm with proper process tuning. In addition
this selective attachment toolset can be transferred to other materials such as SnO2, ZrO2, SiC,
TiN, TaN and but not limited to other low-κ films such as SiCOH which are increasingly used
as hard mask and/or other spacer materials. Essentially, this selective functionalization approach
can be applied to any etch process with proper identification of molecules that can selectively
functionalize the non-etch material.
There are other areas for future work as well. For example, the exact etch products formed
during fluorocarbon etching are not known, even for the simplest case of etching of Si with atomic
F. The role of H in etching both SiO2 and SiNx is not completely understood either. In SiNx ALE,
H may play multiple roles including etch inhibitor, promoter, or surface cleaning agent depending
on how it is delivered to the system. Lastly, atomic-scale control will require much finer control
over the ion energy distribution in the Ar plasma activation half-cycle. In our process we have a
large and broad ion energy range of ∼ 150 eV in which the ion flux is nontrivial. For finer control
over subsurface damage and the EPC, it may be necessary to modify the substrate bias waveform
to lower the energy range in which the ion energy flux is nontrivial. This can include tailoring the
waveform bias on the substrate. Industrial reactors have already implemented a similar method for
RIE at the fab level. In theory, this can work for ALE as well. Further, new parent fluorocarbon
gases with novel F-to-C-to-H ratios can further increase etch selectivity through composition tuning
of the deposited CFx films in ALE.
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TABLE OF CONTENTS IMAGES FOR PUBLISHED PAPERS
Figure A.1 Table of contents image that depicts the interface directly after CFx deposition and
after the first few seconds of Ar plasma exposure. Reproduced from R. J. Gasvoda et al., ACS
Appl. Mater. Interfaces 9 (36), 31067-31075 (2017). Copyright 2017 American Chemical Society.
Ref.84.
Figure A.2 Table of contents image that depicts the surface functionalization of SiO2 with
C2H5COCl at a substrate temperature of 70 and 230
◦C. Reproduced from R. J. Gasvoda et
al., Langmuir 34 (48), 14489-14497 (2018). Copyright 2018 American Chemical Society. Ref.85.
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Figure A.3 Table of contents image that depicts the selective surface functionalization of SiO2 of
70 and 230 ◦C. Reproduced from R. J. Gasvoda et al.,Langmuir, vol. 37 (13), pp. 3960-3969 2021.
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APPENDIX B
SUPPORTING INFORMATION FOR CHAPTER 3
Figure B.1 Infrared absorbance change due to exposure of the C2H5COCl functionalized SiO2 film
to H2O at 70
◦C (blue) and 230 ◦C (red). The reference infrared spectrum in each case corresponds
to the ZnSe IRC coated with the C2H5COCl exposed SiO2 film. Reproduced from R. J. Gasvoda
et al., Langmuir 34 (48), 14489-14497 (2018). Copyright 2018 American Chemical Society. Ref.85.
146
APPENDIX C
SUPPORTING INFORMATION FOR CHAPTER 5
Figure C.1 Infrared absorbance change for plasma deposited SiO2 (black) after exposure to CAZ
at 70 ◦C. The reference spectrum corresponds to the SiO2 surface immediately prior to the CAZ
exposure. The red (isolated –SiOH) and blue (vicinal –SiOH) curves are Gaussian deconvolutions of
the infrared feature and the dark yellow curve is the total sum of the two Gaussian deconvolutions.
Reproduced from R. J. Gasvoda et al., Langmuir, vol. 37 (13), pp. 3960-3969 2021. Copyright
2021 American Chemical Society. Ref.287.
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Figure C.2 Infrared absorbance change for n-octyldimethyl(dimethylamino)silane on SiO2 (red) and
SiNx (black) and bis(dimethylamino)dimethylsilane on SiO2 (green) and SiNx (blue) at a substrate
temperature of 70 ◦C. The reference spectrum is the surface immediately prior to exposure. Re-
produced from R. J. Gasvoda et al., Langmuir, vol. 37 (13), pp. 3960-3969 2021. Copyright 2021
American Chemical Society. Ref.287.
Figure C.3 Infrared absorbance change for 2,2,4-trimethyl-1-thia-2-silacyclopentane (CTS) on SiO2
(blue) and SiNx (red) at a substrate temperature of 70
◦C. The reference spectrum is the surface
immediately prior to exposure. Reproduced from R. J. Gasvoda et al., Langmuir, vol. 37 (13), pp.
3960-3969 2021. Copyright 2021 American Chemical Society. Ref.287.
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Figure C.4 Infrared absorbance change for phenyl isothiocyanate (PITC) on SiNx (red) and SiO2
(blue) at a substrate temperature of 70 ◦C. The reference spectrum is the surface immediately prior
to exposure. Reproduced from R. J. Gasvoda et al., Langmuir, vol. 37 (13), pp. 3960-3969 2021.
Copyright 2021 American Chemical Society. Ref.287.
Figure C.5 Infrared absorbance change for plasma deposited SiNx (black) after exposure to TMH
at 70 ◦C. The reference spectrum corresponds to the SiNx surface immediately prior to the TMH
exposure. The purple, red, blue and green curves are Gaussian deconvolutions of the infrared
features from the hydrocarbon backbone of TMH and the dark yellow curve is the total sum of
the Gaussian deconvolutions. Reproduced from R. J. Gasvoda et al., Langmuir, vol. 37 (13), pp.
3960-3969 2021. Copyright 2021 American Chemical Society. Ref.287.
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APPENDIX D
SUPPORTING INFORMATION FOR CHAPTER 6
D.1 Reactor Description
All experiments were carried out in the dual frequency inductively-coupled plasma (ICP) reac-
tor equipped with in situ ATR-FTIR spectroscopy and in situ four-wavelength ellipsometry (see
Figure D.1). Prior to any experiment the reactor was pumped to a base pressure of ∼4.0 × 10−7
Torr by a turbomolecular pump connected in series with a mechanical pump.84,85 The ICP source
consisted of a 0.125 in OD Cu tube helically-coiled around a 1.5 in OD Al2O3 tube. Radio fre-
quency (rf) power at 13.56 MHz was supplied to the helical Cu coil via a matching network (see
Figure D.1). Additional rf power was supplied to the substrate heater at 4 MHz through a separate
power supply and matching network. Ar was introduced into the chamber through a port at the
top of the ICP system, while all other gases were introduced to the reactor near the top of the
chamber where the Al2O3 met the stainless steel reactor. The gas flow rates were set using mass
flow controllers and the gases were directed into the chamber via pneumatically actuated valves
operated through LabVIEW.
The evolution of relevant surface and bulk species during functionalization and ALE was studied
through in situ ATR FTIR spectroscopy, which has been described in detail previously.3 Infrared
radiation from a commercial spectrometer (Nicolet 6700) was focused through a series of optics
through the KBr window such that the beam is incident onto the 45◦ short flat face of the trapezoidal
ZnSe internal reflection crystal (IRC) with dimensions of 50 × 20 × 1 mm3. Since the angle
of incidence is greater than that for total internal reflection, the infrared beam undergoes ∼25
reflections on each flat surface of the ZnSe IRC before exiting the reactor. An additional series of
optics refocuses the infrared beam to a liquid N2 cooled MCT/A detector. ZnSe was used at the
IRC because it is transparent in the infrared window (650 – 4000 cm−1) and is highly resistant to
atomic F. All spectra were recorded with a spectral resolution of 4 cm−1 and averaged over 300
scans. The relevant reference spectrum is described in the figure captions.
This reactor is also equipped with an in situ four-wavelength (466, 522, 600, 638 nm) ellipsome-
ter (Film Sense FS 1 gen. 2). Linearly polarized light is directed through a gate valve protected
Kodial glass window onto a single side polished Si wafer (∼15 × 15 mm2) such that the beam is
incident onto the Si wafer at an angle of 70◦ with respect to the surface normal. This reflected beam
then exits the reactor through another gate valve protected Kodial glass window onto a detector
that measures the change in polarization state. This Si wafer is placed adjacent to the ZnSe IRC
allowing for simultaneous data collection. The SiO2 and SiNx film thicknesses are measured using
a Cauchy model with a fixed refractive index of 1.46 and 1.91, respectively.78,91,102,152–155,221,237
This measured film thickness is then linearly correlated to the height of the infrared peaks of the
individual SiO2 and SiNx films.
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Figure D.1 Schematic of the inductively coupled plasma reactor showing the in situ ATR-FTIR
spectroscopy and 4-wavelength ellipsometry setups.
151
Further, this reactor is also equipped with a commercial retarding field energy analyzer (RFEA)
from Impedans Ltd. The 70 mm diameter probe was placed on the substrate during a separate
experiment to measure the ion flux energy distribution functions (IFEDF) during both the depo-
sition and activation half cycles of the ALE process. Briefly, this RFEA consisted of a series of
four grids located beneath an array of ion sampling orifices with a total ion sampling area of ∼18.6
mm2, and terminated by a collector plate. Each grid has a transmission factor of 50%, thus the
overall transmission of the four grids is 6.25%. The RFEA operation has been described in detail
in other publications.298–305
D.2 SiO2 and SiNx deposition, surface functionalization and reactor cleaning
Prior to each experiment the reactor was cleaned using an Ar/O2/SF6 plasma powered at 200
W for 10 min with flow rates of 80 standard cubic centimeters per min (sccm) of Ar, 20 sccm of
O2, and 10 sccm of SF6 at a chamber pressure of ∼30 mTorr. After cleaning both the ZnSe IRC
and Si wafer were placed into the chamber and aligned with their respective setups. Then either a
SiO2 or SiNx film was deposited via plasma enhanced chemical vapor deposition. A ∼25 nm thick
SiO2 film was deposited at a substrate temperature of 300
◦C using a 200 W plasma consisting
of 100 sccm of SiH4/Ar mix (1% SiH4 in Ar), 100 sccm of Ar, and 6 sccm of O2 for 22 min at
a chamber pressure of ∼485 mTorr. Alternatively, a ∼25 nm thick SiNx film was deposited at a
substrate temperature of 400 6◦C using a 200 W plasma consisting of 100 sccm of SiH4/Ar mix,
100 sccm of Ar, and 15 sccm of NH3 at a chamber pressure of 500 mTorr for 17 min. Immediately
after deposition, the SiNx surface was populated with an abundance of reactive sites through two
sequential 200 W NH3 plasmas of 30 s using 100 sccm of NH3 at a pressure of ∼210 and 30 mTorr,
respectively These samples were then cooled using 290 sccm of He at a chamber pressure >2 Torr
to a final substrate temperature of 70 ◦C.
For the surface functionalization process, benzaldehyde was exposed to both the SiO2 and SiNx
surfaces via a vapor draw sequence. Prior to exposure, the pumping port was closed and the
pneumatically operated valve on the benzaldehyde ampoule was opened until the chamber pressure
reached ∼500 mTorr. The ampoule valve was then closed, and the chamber pressure was held for
an additional 300 s resulting in an average dose of ∼150 Torr·s. After the hold step, the chamber
was purged with 100 sccm of Ar for 120 s at a chamber pressure of ∼290 mTorr. The chamber
was then evacuated to base pressure for infrared data collection. During benzaldehyde dosing the
substrate, ampoule, and delivery lines were kept at 70 ◦C. To ensure surface saturation, this dose
was repeated once more.
The samples were removed from the chamber either immediately after the benzaldehyde dosing
sequence or immediately after the substrate was cooled to 70 ◦C. In both cases, the samples were
briefly exposed to atmosphere before being placed in a separate vacuum chamber with a base
pressure of ∼15 mTorr. While the samples were held under vacuum, the wall deposits on the
original ALE reactor were cleaned for 60 min using an Ar/SF6 plasma powered at 200 W. The flow
rates were set to 100 sccm Ar and 10 sccm SF6 and the chamber pressure was held constant at ∼30
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mTorr. SF6 flow was then turned off and an additional 15 min of a pure Ar plasma preconditioned
the chamber for ALE. The substrates were then placed back into the chamber and pumped down
to base pressure of ∼4.0 × 10−7 Torr.
D.3 ALE Process
The ALE process used in this study closely mimics that of the ALE process described in previous
publications.34,84 In the CFx deposition half-cycle, 7 sccm of C4F8 was diluted in 100 sccm of Ar at
a chamber pressure of ∼11 mTorr. A ∼4.5 Å CFx film was deposited onto the surfaces at an ICP
rf power of 500 W for a duration of 5 s. Note, the substrate rf power for the deposition half-cycle
is 0 W. During the deposition half-cycle, both gases were introduced into the chamber 30 s before
the plasma strike. Immediately after the plasma strike, Ar and C4F8 flow was directed into a
bypass mechanical pump and the infrared and ellipsometry data was collected. After collection,
the activation half-cycle began. Ar was reintroduced into the chamber at a pressure of ∼10 mTorr.
For the first ALE cycle, the activation half-cycle consisted of six sequential Ar plasma strikes of
5-s duratio-cycle consisted of eighteen sequential Ar plasma strikes of 5-s duration with an ICP
power of 500 W and a substrate rf power of 0 W. All subsequent activation half-cycles consisted
of ten Ar plasma strikes of 5-s at an ICP rf power of 500 W and a substrate rf power of 1 W. The
matching network for the rf powered substrate was set so the applied bias at the substrate was kept
at a time average value of –50 V. For ease of plasma matching, the rf power on the substrate was
turned on 1 s after the ICP rf power was turned on. At the end of each half-cycle, both infrared
and ellipsometry measurements were recorded.
D.4 Plasma Characterization using a RFEA
Figure D.2 shows the measured IFDEFs for both the self-bias (purple) and applied bias (blue)
plasmas. In the self-biased activation plasmas, the substrate was allowed to float at the floating
potential of the plasma (no applied bias) and the average ion energy was ∼16 eV and the maximum
ion energy was ∼25 eV which is consistent with IFDEFs measured on grounded substrates in a
variety of reactor systems.299,300,304–308 The overall ion flux (integral of the curve) was measured
as ∼1.35 × 1014 cm−2s−1 which correlates to an Ar+ ion density of ∼5.0 × 108 cm−3 assuming an
average electron temperature of 3.0 eV. The average Ar+ ion energy in the later Ar+ activation
half-cycles was ∼50 eV with a maximum ion energy of ∼81 eV. The average ion energy is lower
than expected due to the extended low energy tail (see Figure D.2). This tail is the result of
secondary ion formation in the sheath from collisions between high energy ions and low energy
neutrals resulting in a low energy ion and high energy neutral.298–303,309–311 Note, the IFDEFs
were collected at an ICP coil rf power of 200 W.
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Figure D.2 Ion flux energy distribution function (IFEDF) as a function of ion energy for plasma




SUPPORTING INFORMATION FOR CHAPTER 7
E.1 Reactor Description
All experiments were carried out in the dual-frequency helical resonator reactor equipped with
in situ ATR-FTIR spectroscopy and in situ four-wavelength ellipsometry (see Figure E.1). Prior to
any experiment the reactor was pumped to a base pressure of ∼1.0 × 10−7 Torr by a turbomolecular
pump connected in series with a mechanical pump. The helical resonator consisted of a 2.0 in outer
diameter (OD) Al2O3 tube with a 0.375 in OD Cu tube helically coiled for 23 turns with an inner
diameter of 3.0 in. The unwound length of the helical Cu coil was ∼1/4 of the rf wavelength
(13.56 MHz). A floating, vertically slotted Faraday shield was placed in the annulus between the
Cu coil and Al2O3 tube. Finally, a grounded Cu shield surrounded the entire helical resonator. A
commercial radio frequency (rf) generator and an automated L-type impedance matching network
supplied power at 13.56 MHz to the 8th coil from the top. The 4th coil from the top was grounded
(see Figure E.1). A separate commercial rf generator and manual Π-type matching network supplied
power at 4.0 MHz to the substrate heater. Ar was introduced into the chamber via a port on the
top of the helical resonator and all other gases were introduced into the chamber near the top of
the reactor (see Fig. S1). The gas flow rates were set using mass flow controllers and the gases
were directed into the chamber via pneumatically-actuated valves operated via LabVIEW.
In our infrared setup, infrared light from a commercial spectrometer (Nicolet 6700) was directed
through a series of lens and mirrors through a KBr window such that the beam is incident onto the
45◦ short flat face of the trapezoidal ZnSe internal reflection crystal (IRC) with dimensions of 50 ×
20 × 1 mm3. This angle of incidence is greater than that required for total internal reflection, thus
the infrared beam undergoes ∼25 reflections on each flat surface of the ZnSe IRC before exiting the
reactor. An additional series of lens and mirrors refocuses the infrared beam to a liquid N2 cooled
MCT/A detector. All spectra were recorded with a spectral resolution of 4 cm−1 and average over
300 scans and the relevant reference spectrum is described in the figure captions.
This reactor is also equipped with an in situ four-wavelength (466, 522, 600, 638 nm) ellipsome-
ter (Film Sense FS-1 gen. 2). Linearly polarized light is directed through a gate valve protected
Kodial glass window onto a single side polished Si wafer (∼15 × 15 mm2) an angle of 70◦ with
respect to the surface normal. This reflected beam then exits the reactor through another gate
valve protected Kodial glass window onto a polarimeter. The SiO2 and SiNx film thicknesses are
measured using a Cauchy model with a fixed refractive index of 1.46 and 1.9, respectively.
Further, this reactor is also equipped with a commercial retarding field energy analyzer (RFEA)
from Impedans Ltd. The 70 mm diameter button probe was used to measure the ion energy flux
distribution function (IEFDF) of the activation plasma. This commercial RFEA consisted of a
series of four grids with a transmission factor of 50% per grid, located beneath an array of ion
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sampling orifices with a total ion sampling area of ∼18.6 mm2, and terminated by a collector plate.
The RFEA operation has been described in detail in other publications.298–303
E.2 SiO2 and SiNx Deposition and Reactor Cleaning
Prior to each experiment the reactor was cleaned using an Ar/O2/SF6 plasma powered at 150
W for 10 min with flow rates of 100 standard cubic centimeters per min (sccm) of Ar, 4 sccm of
O2, and 10 sccm of SF6 at chamber pressure of ∼30 mTorr. After cleaning, either the ZnSe IRC
or Si wafer was placed into the chamber and aligned with its setup. Then either a SiO2 or SiNx
film was deposited via plasma enhanced chemical vapor deposition. A ∼30 nm thick SiO2 film was
deposited at a substrate temperature of 300 ◦C using a 350 W plasma consisting of 100 sccm of
SiH4/Ar mix (1% SiH4 in Ar), 100 sccm of Ar, and 6 sccm of O2 for 20 min at a chamber pressure
of ∼485 mTorr. Alternatively, a ∼25 nm thick SiNx film was deposited at a substrate temperature
of 600 ◦C using a 200 W plasma consisting of 100 sccm of SiH4/Ar mix, 100 sccm of Ar, and 15
sccm of NH3 at a chamber pressure of ∼500 mTorr for 30 min. These samples were then cooled
using 290 sccm of He at a chamber pressure >2 Torr to a final substrate temperature of 70 ◦C and
removed from the chamber. The wall deposits were then cleaned for 60 min using the same plasma
power and flow rates that were used to clean the substrates. After the wall cleaning plasma, the
chamber was precondition using a 14 min Ar plasma powered at 150 W. The substrates were then
placed back into the chamber and pumped down to a pressure of <5.0 × 10−6 Torr before ALE.
E.3 ALE Process and Benzaldehyde Dosing
The ALE process used in this study closely mimics that of the ALE process described in previous
publications.34,84 In the CFx deposition half-cycle, 11.9 sccm of C4F6 was diluted in 40 sccm of
Ar at a chamber pressure of ∼6 mTorr. A ∼1.2 nm CFx film was deposited onto the surfaces at
an rf power of 300 W for a duration of 3.1 s. Note, the substrate rf power for the deposition half
cycle is 0 W. During the deposition half-cycle, both gases were introduced into the chamber 10
s before the plasma strike. Immediately after the plasma strike, Ar and C4F6 were directed into
a bypass mechanical pump and the infrared or ellipsometry data was collected. After collection,
the activation half-cycle began. Ar was reintroduced into the chamber at a pressure of ∼5 mTorr.
Each activation half-cycle consisted of one Ar plasma strike for 15 s at a rf power of 300 W and a
substrate rf power of 3 W. The air capacitors in the Π-type matching network for the rf powered
substrate were set so the applied bias at the substrate was at a time average value of –200 V. For
ease of plasma matching, the rf power on the substrate was turned on 1 s after the helical resonator
rf power was turned on. At the end of each half-cycle, the infrared or ellipsometry measurements
were recorded.
Benzaldehyde was introduced into the chamber via a vapor draw sequence. Prior to exposure,
the pumping port was closed and the pneumatically operated fill valve on the benzaldehyde ampoule
was opened until the chamber pressure reached ∼200 mTorr (∼10 s). Benzaldehyde was held in
the chamber for 50 s resulting in a dose of ∼10 Torr·s. After the hold step, the chamber was
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Figure E.1 Schematic of the helical resonator reactor showing the in situ ATR-FTIR spectroscopy
and four-wavelength ellipsometry setups.
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purged with 40 sccm of Ar for 60 s at a chamber pressure of ∼180 mTorr. The chamber was then
evacuated to base pressure for infrared or ellipsometry data collection. The benzaldehyde ampoule
and delivery line was heated to 50 ◦C.
E.4 Plasma Characterization of the Activation Half-Cycle
The average Ar+ ion energy Ar plasma activation half cycles was ∼208 eV with a maximum
ion energy of ∼305 eV. The average ion energy is slightly lower than expected due to the extended
low energy tail (see Figure E.2).
Figure E.2 Ion flux energy distribution function (IFEDF) as a function of ion energy for plasma
conditions used in the activation half-cycle. For faster collection, this was collected at an ICP coil
power of 400 W.
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APPENDIX F
DETAILED NOTES ON THE DUAL-FREQUENCY INDUCTIVELY-COUPLED
PLASMA REACTOR
Over the course of this work, the reactor has undergone numerous rebuilds, upgrades and
installation of new equipment. The final reactor configuration is shown in Figure F.1.
Figure F.1 Schematic of the entire reactor including optical components.
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F.1 Pumping System
There are four different pumping systems on the inductively-coupled plasma reactor. There is a
mechanical vacuum pump (Edwards E2M28) that is colloquially referred to as a bypass pump. It is
powered by 120 VAC and has a pumping speed of 21 ft
3/min. There is a Varian DS602 mechanical
pump powered by 120 VAC with a pumping speed of 17.6 ft
3/min. This mechanical pump is
referred to as a backing pump since its inlet is the exhaust of the turbomolecular (turbo) pump.
This turbo pump operates at a rotational speed of 833 hertz. This pump requires 72 VoltsDC and
draws anywhere from 0.3 -3.5 amps depending on the load. It is a Pfeiffer PM P03 TMU 521 P with
a pumping speed of 520 L/s. A foreline gauge (4e-4 - 760 Torr) reads the pressure on the exhaust
of the turbo which is used to monitor both the health of the turbo and the backing mechanical
pump. The turbo is protected by both a pneumatically operated and manual gate valve. There
is also a large process pump (Leybold D40B) that is used during higher pressure experiments and
for prepping the chamber. It is powered by 3 phase 250 Vac and a pumping speed of 55 ft
3/min.
The VAT valve controls flow to the process pump and there is a manual valve as well. All the
mechanical pumps require regular oil changes: the two mechanical pumps (Edwards and Varian)
require LDS19U oil and the Leybold D40B requires LDS100 oil. The location for the turbo pump
power supply is shown in Figure F.2.
Figure F.2 This is the rack that hold the controls for the reactor. The computer is also located here
along with the turbomolecular pump power supplies, LabVIEW cards, MAC valves and switching
control boxes.
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F.2 Gas Delivery to the Reactor
This reactor is equipped with two separate manifolds that are both used to control the flow of
gases into and out of the reactor (see Figure F.3). Typically, gases are controlled via pneumatically
actuated valves that are operated via LabVIEW. This is accomplished by using 24 VDC MAC valves
which can be turned on and off in LabVIEW. When the MAC valve is turned on, compressed air
opens the normally closed pneumatic valve. These MAC and pneumatic valves are numbered from 1
to 20 as seen in both Figure F.2 and Figure F.3. Since gate valves require constant air to fully close
or open the valve, we use 120 Vac valves that switch the flow of air depending on power delivery
and those are valves 19 and 20 in Figure F.2. Ar is the only gas that is delivered separately from
the rest of the gases. Ar enters into the reactor from the top of the ICP coil, this flow path aids
in the striking of the plasma. All other gases are delivered to the reactor via coiled Cu tubing
formed in the shape of a hoop. There are 27 evenly spaced holes of 0.04” diameter that allow the
gas to evenly distribute throughout the reactor. Each end of the coiled Cu tubing is attached to
the Swagelok Tee in addition to the gas input.
Figure F.3 Schematic of the gas delivery system to the reactor.
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F.3 Inductively-Coupled Plasma Operation
The helical resonator was built to specifications described by Macalpine and Schildkneckt. He-
lices are known to propagate electromagnetic waves with phase velocities that are << the speed
of light, which allows for easy fabrication of helical resonators that resonate in the MHz range
typically used for plasma generation. These resonators allow for low pressure plasma generation,
even at pressures as low as ∼3 mTorr. Typically helical resonators have a high unloaded Q value
which is calculated by the following equation
Qunloaded = 50Df
1/2 (F.1)
where D is the diameter (inches) of the outer grounding shield and f is the frequency of the plasma
(13.56 MHz). The total number of turns (N) is determined by the equation
N = 1900/(fD) (F.2)
which is 22.97 (∼23) turns for the outer grounding shield ID of 6.0 inches. The mean diameter of
the helical can be described as
0.45 < d/D < 0.6 (F.3)
For easy manufacturing, a 0.375 inch copper tube can be wrapped helically around a 3 inch diameter
metal cylinder, thus ”d/D” was chosen to be 0.56, which leads to a mean diameter of ∼3.36 for the
helical coil. The height of the coil is then simply 4d (13.42 in). The total height of the grounding
shield ”B” is simply
B = b+D/4 +D/4 (F.4)
Essentially, the grounding shield is D/4 (1.535 in) longer than the coil in both vertical directions.
The last major criterion is the winding pitch τ (in/turn) which is defined as
τ = b/N (F.5)
and a more convenient number for fabrication purposes is ”n” which is the inverse of τ . For this
reactor it is 1.71 turns/inch. The last calculated value is the characteristic impedance which can
be calculated as
Zo = 98, 000/(fD) (F.6)
which is ∼1204 ohms.
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This top ICP coil is powered at 13.56 MHz from a commercial power supply (0 - 600 Watts).
There are two rf generators in the lab, one from T&C Power and one from RF VII, inc. Both are
air-cooled and powered by 120 VAC . The output connection on both power supplies is female type
N. This rf power then enters into an automatic tuner from T&C Power. The output connector on
the matching network is female 7/16 DIN. When the T&C power supply is used, an internal GUI
can set the match points on the load and tune capacitors. If the RF VII power supply is used, this
is not possible, but the automatic tuning capability of the matching network is not affected. There
are multiple tap points on the coil including the 3rd and 5th from the top and the bottom turns. A
Copper bar was braised to the coils which allows for extremely robust connections to the rf cable.
F.4 RF Power to the Substrate - RF Biasing
The substrate heater system was built by Steven Simons of Manitou Systems and the substrate
heater itself is from Meivac, inc. The variable frequency power supply has a range of 20 kHz - 15
MHz (0-300 Watts rating) and is from T&C Power. The output from the power supply enters into
the Low Pass Filter which prevents extraneous rf wavelengths from entering into the reactor. It
must be set to the correct frequency setting. The output of the low pass filter then enters into
the manual matching network (0 - 200 Watts rating). The match network can be disassembled
and configured for either 2 or 4 MHz. There is a DC bias probe that outputs 0-1000 VDC on a
0-1.0VDC scale. The rf power then enters into the reactor via the rf-feedthrough at the bottom of
the reactor. To maintain electrical isolation, the heater sits on ceramic blocks (Figure F.4).
Figure F.4 Picture of the heater during initial assembly and test.
F.5 Retarding Field Energy Analyzer
This reactor is also equipped with a commercial retarding field energy analyzer (RFEA) from
Impedans Ltd. The 70 mm diameter probe was placed on the substrate during a separate exper-
iment to measure the ion flux energy distribution functions (IFEDF). To protect the grids in the
RFEA from deposition, we only use pure Ar plasmas for characterization of the IFEDFs. In the
literature, the ion energy distributions functions are referred to as ion energy distributions (IEDs).
However, a more correct term is the ion flux energy distribution (IFEDF) since the RFEA is actu-
ally measuring the ion flux energy distribution at the substrate, hence the term IFEDF. For sake
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of this work, IFEDF is used in this work instead of IED. Briefly, this RFEA consisted of a series
of four grids located beneath an array of ion sampling orifices with a total ion sampling area of
∼ 21.5 mm2, and terminated by a collector plate and is shown schematically in Figure Figure F.5.
Figure F.5 Retarding Field Energy Analyzer (RFEA) schematic showing the four grids and collector
plate placed on the substrate heater.
Grid 0 is electrically connected to the body of the RFEA; therefore, it floats at the floating
potential (Vf ) of the substrate which is controlled by the applied bias. The grid apertures of Grid
0 is 25 µm which is much less than the Debye length of the plasmas typically used in this work
(∼100 µm; therefore, the plasma is not extended into the grids. Both Grid 1 and Grid 3 are
negatively charged to repel electrons. Grid 1 repels electrons from the plasma and Grid 3 prevents
any secondary electrons that may be emitted from collisions with the collector from traveling further
into the RFEA. Grid 2 is the discriminator grid. The voltage on this grid is swept across a range of
voltages. At any particular voltage, lower energy ions than the applied voltage are prevented from
moving further into the RFEA and only ions with greater ion energy than the voltage is collected.
The current from the ions is measured at the collector plate. The I-V curve along with RFEA
manufacturing constants are then used to create the IFDEF curves from any number of numerical
integration methods.
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F.6 Substrate Heater - Heating and Measuring the Temperature
The substrate heater from Meivac, inc has a theoretical maximum operating temperature of
950 ◦C. The maximum input voltage in either AC or DC is 85 Volts and a maximum current of 9
amps. For safety and extending the maximum life of the heater, we do not operate the heater at
higher than 50 Volts and the fuse on the variac is 5 amps.
The temperature controller system is one that is home built. The temperature controller is an
Omega CN7600 controller. Wall power at 120 Vac powers the temperature controller and tees off
to power the variac as well. The temperature controller outputs a 5 VDC signal when the controller
must be on. This filps the solid state relay internal to the temperature controller housing which
then powers the variac. The variac lowers the voltage to ∼50 volts. This power then enters the
1:1 isolation transformer which sends power to the filters in the rf filter box. The output of the
rf filters enters into the substrate heater. The thermocouple (k-type) immediately connects to the
thermocouple filters in the rf filter box which then connects to the thermocouple via a feedthrough.
F.7 Ellipsometer
The ellipsometer is a Film-Sense FS-1 gen. 2 ellipsometer with four-wavelengths of 450, 525,
595, 660 nm. The ellipsometer is mounted such that the beam is incident to the wafer at an angle
of 70◦ to the surface normal. The beam enters and exits the reactor through two Kodial glass
windows that are protected by pneumatic gate valves. Fine alignment knobs are accessible on the
ellipsometer light source for minute alignment changes. During in situ operation, the intensity of
the beam is ≤0.9 which is an order of magnitude less than table operation, but still accessible for
measurements. This is due to the Kodial glass windows. The alignX and alignY must both be <
|0.1◦| for proper measurements.
F.8 Infrared Optics Details
The infrared beam path upon exiting from the commercial spectrometer (Nicolet 6700) is de-
picted in the Figure F.1. As described in the above chapters, the beam is directed through a series
of optics onto the flat face of the ZnSe IRC. The mirrors are simple reflected mirrors with a coating
on them. They appear to have some dust collected on them, but do not try to clean them. Realign-
ment is not a trivial task. The first mirror has a diameter of 76.2 mm and is placed at an angle of
45◦ relative to the plane of the reactor table. The next mirror also has a diameter of 76.2 mm and
is placed at an angle of 22.5◦ relative to the plane of the reactor table. The mirror on the outlet
of the reactor is 101.6 mm in diameter and is placed at an angle of 22.5◦ relative to the plane of
the reactor table. The off-axis parabolic mirror is from Optiforms and has an effective focal length
of 355.60 mm with a parent focal length of 177.80 mm. It is gold-plated. The liquid-N2-cooled
MCT/A detector has a bias current of 20 µA and an aperture of 1.0 mm2.
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F.8.1 KBr Windows
The KBr windows are described in the table below.









Inlet 10.0 63.5 Uncoated 60/40
Outlet 11.0 76.2 Uncoated 60/40
F.8.2 KBr Plano-Convex Lenses
The KBr plano-convex lenses are described below. Note KCl can also function similarly to KBr.














Inlet 10.06 76.2 383.64 91.44 Uncoated 60/40
Outlet 10.06 101.6 383.64 91.44 Uncoated 60/40
There is an ”extra” lens with the same specs as the inlet KBr lens, but made from KCl instead.
It functions as a back up lens for either the inlet or outlet if needed. The KBr windows and lens
are extremely difficult to manufacture due to the hygroscopic nature of KBr.
Upon realignment in June 2020, the average peak to peak value during ZnSe IRC alignment
is greater than 14.0. ZnSe IRCs were obtained from Harrick Scientific with dimensions of 50 x 20
x 1 mm and a trapezoidal angle of 45◦. The width dimension can be changed from 20 to 10 mm
without any realignment depending on ZnSe IRC availability. Harrick Scientific categorizes these
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